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The IncP-1 plasmids are of interest because of their 
ability to transfer into and be stably maintained in a 
large variety of gram negative genera. This ability is 
of interest because of both the evolutionary and medical 
implications arising from the existence of such plasmids 
in nature. In this thesis I have begun a genetic analysis 
of the transfer function of the IncP-1 plasmid RP1 (this 
function has been shown to be located in 3 distinctly se-
parate areas of the plasmid). 
RP1 was mutagenised to isolate transfer deficient 
(Tra) mutants of the RP1 plasmid. Of the 133 Tra mu-
tants selected, 97 were resistant to the IncP-l-specific 
phages PRR1 Ff3 and PR. While 6 had a PRR1r pf3r pp5 
phenotype and 30 were sensitive to the phages. Twenty-
one of the mutants had amber mutations of Tra; of these, 
19 were RP1-specific phage resistant and two were PRR1r 
f3r pR4 5 	None of the RP1 amber Tra mutants were sensi- 
tive to the 3 RP1-specific phages used. 
Mu phage has been shown to both integrate randomly 
into a genome and cause mutations. Mucts phage was used 
to try to obtain RP1 Tra mutations caused by insertion 
I' 
of Mu into aTra region. Although none of the RP1::Mu5 
lysogens were Tra, several were of interest. Some had 
Mu inserted close Or adjacent to a Tra region of RP1 and 
could be used to generate Tra deletions upon induct ion 
of the phage. These deletion mutants would be helpful in 
ordering representative point mutants within the Tra re-
gions. 
To be iv grouping the Tra mutants into complementa-
tion groups, transient heterozygote complementation expe-
riments - using both amber mutants in a Su+  strain as do-
nors and Fl transducing phages of RP1 Tra mutants - were 
attempted. These results were unsatisfactory; probably 
because the RP1 transfer frequencies in liquid medium are 
low. Qualitative transient heterozygote complementations 
using a replica-plate method allowed the amber RP1 Tra 
mutants to be grouped into 10 complementation groups. 
Cloning of the transfer 	away from the incom- 
patibility determinants has been used to advantage in the 
study of the F transfer system. Therefore, the RP1 Tral 
regiOn was cloned into the plasmid vector pBR325 using an 
RP1::Tn7 dei'ivative of RP1. This chimera (pED800) was 
used to make partial diploid strains with all of the am-
ber Tra mutants and a representative number of missense 
RP1-specific phage sensitive Tra mutants. All the Tra 
mutants which showed sensitivity to the specific phages 
were complemented by pED800. Two of the amber Tra mu-
tants which were phage i'esistant were also complemented 
by pED800. Since the majority of the Tra mutants tested 
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were RP1-specific phage resistant and not complemented by 
pED800, it was concluded that most of the tra genes are 
not found in the Tral region. 
Tra homogenote derivatives of pED800 carrying the 
pED516 (PRRl" pf3r PR14 S amber Tra) and pED615 (PRR1" Pf3 ' 
PR4r amber Tra) mutations were isolated. These deriva-
tives were used to make partial diploid strains' with some 
of the mutants which were complemented by pED800 and..the 
diploid strains were tested for complementation. On the 
basis of these complementation experiments it was esta-
blished that at least 4 tra genes are found in the Tral 
region of RP1. The Tra2 and Tra3 regions were not cloned 
due to lack of selecting markers and time. 
Nalidixic acid was found to interfere with RP1 con-
jugation to a similar extent as it did with F conjugation. 
This was probably due to inhibition of DNA replication by 
interfering with the functions of DNA gyrase. 
At least 20 plasmid coded proteins were found to be 
synthesized by RP1 in 35S-methionine labeled minicells. 
Once the tra cistrons have been identified it will be pos-
sible to determine which of these proteins are RP1 tra 
proteins. 
INTRODUCTION 
I. BRIEF HISTORICAL BACKGROUND AND DEFINITIONS. 
Plasmids or extrachromosomal genetic elements are 
replicons (units capable of replication; Jacob and Bren-
ner 1963) consisting of double-stranded DNA molecules 
which are stably inherited and separate from the chromo-
sOme of the host. Those plasmids which can exist either 
autonomously or incorporated into the host chromosome are 
referred to as episomes (Novick 1969, Clowes 1972, Novick 
et al. 1976). 
The existence of extrachromosomal DNA and the abili-
ty of E. coli to conjugate came to light by a fortuitous 
set of circumstances when Lederberg and Tatum (19146a, b) 
and later Lederberg (19 149) were examining the possibility 
that conjugation in bacteria occurred. They used multi-
ply marked auxotrophs of E. coliK-12 to test for conju-
gation. When two differently marked auxotrophs were 
mixed together and plated on minimal media selecting for 
prototrophic bacteria, prototrophs were obtained. No 
prototrophs were obtained when either auxotrophic strain 
was plated by itself on the same medium. At first it was 
thought that conjugation was an inherent ability of all 
E. coliK-12 strains. However, when Hayes (1952) used 
4 
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multiply marked streptomycin resistant (Strr)  and sensi-
tive (Str5 ) strains as the two parents, he found that 
only the StrS strain was donating markers even after 18 
hrs of treatment with streptomycin before the addition of 
the Strr strain. Later spontaneous variants of the StrS 
strain were found which were no longer able to transfer 
markers to a recipient strain even though the parental 
Str 5 strain remained fertile. (Lederberg, Cavalli and 
Lederberg 1952, Cavalli, Lederberg and Lederberg 1953, 
Hayes 1953a, b). When it became apparent that, although 
the genes transferred were located on the bacterial chro-
mosome, the actual process of transfer was determined by 
an additional genetic element; Cavalli, Lederberg and 
Lederberg (1953) named it F for "fertility.T' In retro-
spect it has become evident that the ancestral E. coli 
K-12 strain was F+  (strain containing an F plasmid) as 
were its Str 5 mutants and that the Strr  mutants had prob-
ably become F (strain without or having lost the F plas-
mid) during the course of X-ray mutagenesis to make the 
multiply marked auxotrophs (Lederberg, Cavalli and Leder-
berg 1952); therefore conjugation was shown not to be an 
Inherent characteristic of E. coliK-12. 
The episomal nature of F was discovered when Cavalli-
Sforza (1950) and Hayes (.1953b) found clones from fertile 
strains which transferred many chromosomal markers at 
much greater frequencies than did the F+  parental strains. 
These clones were referred to as Hfr (for high frequency 
of transfer). The explanation for the difference in 
rates of transfer of chromosomal characteristics is now 
well known; in the F+  strains, F was autonomous whereas - 
in the Hfr strains, F had been incorporated into the bac-
terial chromosome and when transfer was initiated from an 
Hfr strain, chromosomal markers were transferred at much 
higher frequencies than from the autonomous F+  strains 
(Hayes 1953b, Jacob and Woilman 1956, 1957). 
It was found that F could excise itself from the 
chromosome when it was in the Hfr state by reversion of 
the IS recombination event leading to Hfr formation, and 
become autonomous. Occasionally because of a faulty ex-
cision event an/ F' plasmid was formed which contained a 
portion of the host chromosome, carrying one or more 
chromosomal markers such as lac or gal, depending on what 
host markers were adjacent to F in the Hfr state (Jacob 
and Adelberg 1959, Hirota and Sneath 1961). 
7 
II. RECOGNITIONS, IDENTIFICATION AND CLASSIFICATION OF 
BACTERIAL PLASMIDS. 
Since the discovery of F (see above section I), many 
more plasmids have come to light. The majority of plas-
mids have been recognized not by their transfer of host 
chromosomal markers as was F, but by a change in pheno-
type conferred by their presence and the discovery that 
the changed phenotype was caused by genes found on an 
extrachromosomal genetic element. A few plasmids have 
been found only by the existence of extrachromosomal DNA, 
these are referred to as Cryptic plasmids (Rownd, Nakaya 
and Nakamura 1966, Cozzarelli, Kelly and Kornberg 1968, 
Lee and Davidson 1968, Novick et al. 1976). 
Among the plasmids recognized by an altered pheno-
type are the Cal plasmids which produce bacteriocins 
called colicins. Some of the Cal plasmids are self-trans-
missible while others lack the ability to transfer them-
selves but are mobilizable by the coexistence in the host 
of such self-transmissible plasmids as F (Fredericq 7 1951, 
1957, Fredericq and Betz-Bareau 1953, Ozeki, Stocker and 
DeMargerie 1959, Ozeki, Howarth and Clowes 1961, Ozeki, 
Stocker and Smith 1962, Herschman and Helinski 1967, 
Schwartz and Helinskl 1971). 
A second important group of plasmids found because 
of a change of phenotype are those which confer antibi- :. 
otic resistance to their hosts. These are known as R 
plasmids (Novick eta1. 1976). Some but not all R plas-
mids are conjugative and can be detected by their ability 
to transfer their resistance to an R strain (Watanabe 
1963, Mitsuhashi 1971). These plasmids have been found 
in most genera of bacteria as well as in some yeasts 
(Sinclair et al. 1967, summary of bacterial plasmids in 
Appendix B; Bukhari, Shapiro and Adhya 1977). 
Other plasmids recognized by altered phenotypes in-
dude the degradative plasmids in Pseudomonas which are 
capable of degrading hydrocarbons (reviewed by Chakrabar-
ty 1976); and plasmids which produce substances such as 
enterotoxins, hemolysins and surface antigens in E. coli 
(Smith 1963, ørskovand 'ørskov 1966, Smith and Halls 
1967, 1968). 
A. IDENTIFICATION AND CHARACTERIZATION OF PLASMIDS. 
Plasmids are characterized by having extrachromoso-
mal DNA which is stably maintained, autonomous replica-
tion, linked genetic markers, expression of entry exclu-
sion for closely related plasmids, and incompatible exist-
ence within the same host of plasmids with similar or 
identical DNA replication systems. Many plasmids also 
exhibit the ability to transfer themselves from one host 
to another. 
1. EXTRACHROMOSOMAL COVALENTLY CLOSED CIRCULAR DNA OF 
PLASMIDS. 
Covalent circles of plasmid DNA have been demonstra-
ted as satellite bands in CsCl density gradient centrifu-
gation when the GC base ratios of plasmid DNA dif- 
fered from those of the host DNA. Marmur et al. (1961) 
Ee 
showed a shoulder of similar density to that of E. coli 
DNA corresponding to an F'lac plasmid. on the major DNA 
peak of a density characteristic to the Serratia --- marces-. 
cens chromosomal DNA when F'lac was transferred to S. 
marcescens. This shoulder was not present in the paren-
tal S. marcescens strain. The lactose-fermenting activ-
ityassociated with the F' plasmid had also been stably 
inherited by the S. marcescens strain which showed the 
shoulder on the density curve from the density gradient. 
Similar results were later obtained using Proteus strains. 
Proteus GC base ratios are very different from those of 
F'lac, therefore the F?  DNA was seen as a separate satel-
lite peak on the density gradients (Falkow et al. 1964). 
The various configurations taken up by DNA molecules 
which have formed the basis for much of the structural 
studies of bacterial plasmids were described by Fiers and 
Sinsheimer (1962), Burton and Sinsheimer (1965), and 
Vinograd et al. (1965). They showed that DNA may take 
the form of a linear, double-stranded molecule which 
could close upon itself to form a circular duplex mole-
cule either by joining one of the DNA strands and leaving 
the other with a break (open circular form or OC DNA) or 
by covalently joining both strands (covalently closed 
circular or CCC DNA). The CCC DNA when isolated extra-
cellularly formed a supercoil (the DNA helix twisted 
upon itself) which was denser than either OC or linear 
DNA in density gradient centrifugation. The relative 
sedimentation coefficients of CCC, OC and linear DNA in 
•1 
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neutral sucrose gradients have allowed the molecular 
weights of plasmids to be calculated after isolation of 
plasmid DNA from bacterial lysates (Burgi and Hershey 
1963). The molecular weight of plasmids can also be de-
termined by direct measurement of the contours of open 
circular molecules on electron micrographs when the mag-
nification and the molecular weight to length ratio for 
the conditions of the electron microscopy preparation are 
known (Lang et al. 1967, Lang 1970). 
The addition of the dye ethidium bromide to CsC1/DNA 
preparations has been shown to lower the buoyant densi-
ties of OC and linear DNA most because it intercalated 
much more readily between the adjacent base pairs of the 
DNA helix than In the supercoiled tightly twisted CCC DNA 
(Radloff, Bauer and Vinograd 1967). This characteristic 
has been used to isolate CCC plasmid DNA from OC, linear ,  
and chromosomal DNA in CsC1 density gradients of bacte-
rial lysates (i.e. Bazaral and Helinski 1968, Freifelder, 
Folkinanis and Kirschner 1971, Humphreys, Wilshaw and 
Anderson 1975). 
2. PLASMID REPLICATION. 
Transferred chromosome fragments have been shown to 
be dependent for survival upon a functional recombination 
system in the recipient host. However, plasmids have 
been shown to replicate normally when transferred to re-
combination deficient hosts by conjugation (Clark and 
Margulis 1965). The replication cycle includes stages of 
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initiation, elongation and termination. Most plasmids 
appear to have a unique site from which initiation of DNA 
replication occurs which is referred to as the origin of 
replication (Kolter and Helinski 1979). Elongation from 
this origin may be unidirectional as in C01E1, R100 and 
RK2 (Iriselburg 197, Lovett, Katz and Helinski 1974, To-
mizawa, Sakakibara and Kakefuda 1974, Ohtsubo et al. 
1977, Meyer and Helinski 1977), or bidirectional as in 
plasmid mini-F (Eichenlaub, Figurski and Helinski 1977). 
Some plasmids such as R6K have been reported to have bi-
directional replication and two origins of replication 
(Crosa et al. 1975, Lovett, Sparks and Helinski 1977). 
Elongation, once initiation has occurred, continues until 
terminated either by meeting a replication fork proceed-
ing from the opposite direction, arriving at a region of 
DNA which prevents further elongation (terminus region) 
or returning to the origin of replication (Thomas and 
Helinski 1979). 
DNA replication requires a primer 3'-OH group for 
initiation, whether this is generated as an RNA primer or 
by cleavage of one of the two duplex DNA strands and dis-
placement of the 5 1 -end of the nicked strand in order to 
expose the 3'-OH primer for elongation. Covalently 
linked RNA to DNA has been demonstrated at the 5'-termi-
nus of one of the daughter strands at the origin of re-
plication for some single-stranded phages and plasmid 
Co1E1. Plasmids such as R6K and RK2 show a series of 
direct repeats in the replication origin region which 
12 
could be possible binding sites for regulatory proteins. 
The significance of these repeated base pairs and the 
possible existence of an RNA/DNA junction in these plas-
mids is not known at this time. (Gilbert and Dressler 
1968, Brutlag, Schekman and Kornberg 1971, Wickner et al. 
- 1972, Westergaard, Brutlag and Kornberg 1973, Bird and 
Tomizawa 1978, Thomas and Helinski 1979). 
Plasmids have been shown to utilize specific compo-
nents of the host replication machinery for their repli-
cation processes. Most plasmids require protein synthe-
sis during replication but such plasmids as ColEl and 
CloDF13 continue to replicate after cessation of protein 
synthesis in the host. The various bacterial dna genes 
play roles in the replication of plasmids to greater or 
lesser extents. For example the dnaB protein is required 
by most plasmids for replicat ion, however, only pSC101 
appears to require the d*3A product to initiate its re-
plication. (Kolter and Helinski 1979, Thomas and Helm-
ski 1979). 
Temperature-sensitive replication mutants of a num-
ber of'different plasmids have been isolated which pro-
vide evidence that specific plasmid encoded proteins are 
required for replication (Cuzin and Jacob 1967, Hathaway 
and Berquist 1973, Koyama and Yura 1975, Hashimoto-Gotoh 
and Sekiguchi 1977, Collins, Yanofsky and Helinski 1978, 
Kolter, Inuzuka and Helinski 1978, Eichenlaub 1979). 
Most plasmids have their replication function clus-
tered together on their genomes. An exception to this is 
13 
RK2, a broad host range plasmid, which has the replica-
tion functions in three well-separated regions of its DNA 
molecule. The reasons for clustering are not understood 
yet. (Thomas and Helinski 1979, Thomas et al. 1979, 
Figurski and Helinski 1979, Thomas, Meyer and Helinski 
1980, Thomas,Stalker and Helinski 1981). Unless the re-
gion in which the replication origin is present in a re-
plicon, it is unable to replicate. However, other re-
gions which provide products in trans such as the Tt re-
gion of R6K, which is adjacent to the replication origin, 
or the trfA and trfB regions of RK2, which are well sep-
arated from the origin of replication, must also be pre-
sent in the host either on the same replicon or on anoth-
er replicon such as a phage X vehicle or another plasmid 
vehicle for replication to take place. Regulatory func-
tions have been proposed for these trans-acting proteins. 
Regulation may be of the actual initiation process, or of 
the elongation process or possibly both. Another possi-
ble regulation which may be related to the trans-acting 
proteins could be that of the copy number of the plasmid 
(number of plasmid molecules/chromosome molecule). 
(Thomas and Helinski 1979, Thomas et al. 1979) 
3. GENETIC LINKAGE OF PLASMID MARKERS. 
When markers have been shown to have very high link-
age to one another in conjugational and transductional 
crosses and were not lost through recombination after 
transfer to a plasmid-free host, it has been fair to as- 
114 
sume that they existed on the same DNA molecule (Watanabe 
and Fukasawa 1961a, C, Novick and Roth 1968). Further-
more sets of markers showing such high linkage have also 
shown high rates of coelimination (Watanabe and Fukasawa 
1961b). Naturally occurring plasmids while showing high 
linkage for their markers have not shown overall genetic 
homology with their host chromosomes, although some areas 
of homology may be seen to exist (Movick 1969). 
While it would appear likely that bacterial hosts 
would segregate plasmid-less progeny from time to time as 
a result of occasional errors in plasmid replication and/ 
or segregation, certain chemical and physical agents have 
been found which increase the frequency of elimination of 
plasmids from their hosts. The effect caused by such 
agents as elevated temperature, acridines and other in-
tercalating dyes, mutagens and thymine starvation has 
been referred to as plasmid curing (plasmids were selec-
tively inactivated or inhibited in replication) (Hirota 
1960, May, Houghton and Perret 1964, Clowes, Moody and 
Pritchard 1965, Terawaki, Takayasu and Akiba 1967, 
Willetts 1967, Slonimski, Perrodin and Croft 1968). 
The 'inheritance of closely linked genetic markers 
which also show high rates of coelimination either by na-
tural means or due to the use of physical agents to cure 
the host, has been an indication of the autonomous exis-
tence of plasmids. This latter is especially true if the 
cured progeny behave in the same way as the original pa-
rent strain. 
la 
B.. INCOMPATIBILITY AND CLASSIFICATION OF PLASMIDS. 
Incompatibility (the inability of two closely rela-
ted plasmids to coexist in the same host without selec-
tive pressure; Novick etal. 1976)-has been shown to ex-
ist whether a plasmid was introduced into a host with a 
closely related plasmid by conjugation or by transduction 
(Cuzin 1962, Scaife and Gross 1962, Echols 1963, Novick 
and Richmond 1965, Novick 1967a, b, Hashimoto and Hirota 
1966, Dubnau and Maas 1968, Jacob and Hobbs 1974, Jacoby 
1977, Novick et al. 1977). Recent cloning of incompati- 
/ 
bility determinants has shown that there is a diversity 
of incompatibility mechanisms (Crosa, Luttropp and Falkow 
1978, Manis and Kline 1978, Timmis, Andrés and Slocombe 
1978). Further, it has been shown that incompatibility 
is to be expected between two plasmids whose replication 
is controlled by the same regulatory mechanism. Each 
plasmid. is subject to the regulatory mechanisms both of 
replication and incompatibility. The expression of in-
compatibility differs with the different control systems. 
(Uhlin and Nordstr6ml.19.75, Cabello, Timmis and Cohen 
1976, Matsubara and Otsuji 1978). 
Because incompatibility is a reflection of the spec-
ificity controlling plasmid replication, Datta (1975a, b) 
proposed the use of plasmid incompatibility to classify 
plasmids. The methods used to determine incompatibility 
are described by Datta (1979). Plasmids found in the 
Staphylococci, Streptococci, Pseudomonads and Enterobac-
teriaceae have all been classified using the Incompati- 
bility characteristics exhibited by the plasmid of each 




III. BACTERIAL CONJUGATION. 
Conjugation in bacteria is the process in which gen-
etic material is transferred from one organism (the do-
nor) to another (the recipient). It is dependent upon 
the presence of a conjugative plasmid in the donor and on 
cellular contact. (Novick 1969, Novick et al. 1976). 
For several years after the discovery of plasmid F, 
it was believed that conjugation and possession by bacte-
rial cells of a plasmid were unique characteristics be-
longing exclusively to F. However, in recent years a va-
riety of phenotypes determined by plasmids have been re-
cognized and the isolates of a large variety of bacterial 
genera often have naturally occurring plasmids many of 
which are conjugative. The .frequency with which conjuga-
tive plasmids are found represents a successful form of 
evolution and is probably due to their endowment uponre-
cipient host strains of additional useful phenotypes. 
Furthermore, during conjugation plasmid genes are repli-
cated while chromosomal genes are not; this extra repli-
cation event affords the plasmid an advantage which is 
increased by the ability of the plasmids to transfer to 
and be stably inherited by a variety of host species. 
Most of what is known about the genetics and bioche-
mistry of conjugation has been learned about F itself al-
though there are other known conjugation systems such as 
the I, N, and P systems (Willetts 1977, Willetts and 
Skurray 1980). Plasmids with the I or F conjugation sys-
tems can be divided into several incompatibility groups 
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(Meynell, Meynell and Datta 1968, Hedges and Datta 1972,. 
1973, Alfaro and Willetts 1972, Sharp, Cohen and Davidson 
1973, Datta 1975a, b, Willetts 1977). 
Although F and F-like conjugation is a complex pro-
cess, the steps involved in the mating cycle can be sum-
marized as follows: a) the pilus allows the donor cells 
to recognize and bind to recipient cells; b) triggering 
of conjugal DNA metabolism and pilus retraction; c) sta-
bilization of mating aggregates; d) DNA transfer and con-
jugal DNA synthesis; e) recircularization of DNA and ac-
tive disaggregation followed by tra expression. Both the 
donor and erstwhile recipient are now capable of acting 
as donor cells. (Achtman and Skurray 1977, Manning and 
Achtman 1979, Willetts and Skurray 1980). 
The presence, synthesis, and function of plasmid en-
coded appendages called sex pili (or F pill for the F 
conjugation system, I pill for the I conjugation system, 
et cetera) for conjugation was first described by Brinton 
(1965). The conjugative pill have been demonstrated to 
be the site of attachment for plasmid specific phages 
(Ippen and Valentine 1967, Lawn et al. 1967, Meynell, 
Meynell and Datta 1968, Khatoon, Iyer and Iyer 1972, 
Stanisich 1974, Bradley 1974, Bradley and Cohen 1977). 
The pilus has been shown to be an integral part of the 
conjugation process, necessary for conjugal DNA transfer 
as the lack of pili due to mutation (Ohtsubo, Nishimura 
and Hirota 1970, Achtman, Willetts and Clark 1972) or loss 
by temporary physical removal (Brinton 1965, Novotny et 
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al. 1969) results in the loss of both transfer and plas-
mid specific phage adsorption. Specific contact forma-
tion between donor and recipient has been shown to be 
necessary for mating aggregates to occur and mutant F 
plasmids have been isolated which could not form mating 
aggregates because they lacked F pill (Achtman, Willetts 
and Clark 1971, Achtman  1975, Achtman, Morelli and Schwu-
chow 1978, Bradley 1980). F Tra mutants have been found 
which although they produced F pili and formed specific 
contacts, failed to form effective contact (the event in 
bacterial conjugation which follows specific contact of 
the mating partners). Effective contact enables DNA 
transfer and this was not effected in those Tra mutants 
which had F pill, formed specific contacts but failed to 
form effective contact (Achtman, Willetts and Clark 1971, 
Achtman 1975, Achtman and Helmuth 1975, Achtman and Skur-
ray 1977, Manning and Achtman 1979, Clark and Warren 1979). 
Genetic analysis of the F transfer function using 
tra mutants of an F' or an F-like plasmid has shown that 
at least 19 cistrons are necessary for transfer and these 
can be divided into four groups. Group 1 includes the 
following genes in the order in which they are tran-
scribed from left to right: traA, L. E, K, B, V, W, C, 
U, F, H, and G which are involved in pilus formation, re-
cipient recognition, mating pair formation and F-specific 
phage adsorption (Achtman, Willetts and Clark 1971, 1972, 
Willetts and Achtman 1972, Ippen-Ihler, Achtman and Wil-
letts 1972, Mclntire and Willetts 1978, 1980, Miki, Ho- 
riuchi and Willetts 1978, Manning and Achtman 1979, Wil-
letts and Skurray 1980). These twelve cistrons have been 
shown to be interchangeable among F-like plasmids to ef-
fect conjugation, thus Ftra mutants defective in one of 
the twelve genes can be complemented by an R100 plasmid 
in the same cell. However, the pili from different F in-
compatibility groups show different serological patterns 
based on F-specific phage adsorption and plating effi-
ciency (Lawn and Meynell 1970). For example traA mutants 
of Fiac have been isolated which were transfer proficient 
but failed to adsorb F-specific RNA phage (R. Weppleman, 
K. Ippen-Ihler and C. Brinton cited in Minkley et al. 
1976, Willetts, Moore and Paranchych 1980). 
The second group of genes includes traN and G which 
are needed to form stable mating aggregates which enable 
DNA transfer. Aside from the requirement of traM and C-
products, the recipient cell must have a receptor(s) site 
to form part of a stable aggregate. For some of the F-
like plasmids and F itself the presence of the ompA pro-
tein in the outer membrane of the recipient cell is need-
ed, others like R100 appear to need an intact lipopoly-
saccharide component in the recipient. Therefore, both,. 
the donor and recipient cells play an active role in the 
stabilization of mating aggregates. (Skurray, Hancock and 
Reeves 1974, Achtman and Skurray 1977, Havekes, Hoekstra 
and Kempen 1977, Manning and Achtman 1979). 
The third group of genes are those which are in-
volved in conjugal DNA metabolism which are traM, Y, G, 
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D, I, and Z. These gene products do not affect pilus 
formation, therefore the mutants were F- specific phage 
sensitive; although traD mutants are resistant to the F-
specific RNA phages but not to the filamentous DNA phages. 
(Achtman, Willetts and Clark 1971, Paranchych 1975, 
Kingsman and Willetts 1978, Achtman and Helmuth 1975, 
Everett and Willetts 1980, Willetts and Skurray 1980). 
Donor conjugal DNA synthesis (DCDS) is able to proceed in 
the absence of the dnaB product and therefore differs 
from vegetative plasmid DNA replication (Bresler, Lanzov 
and Lukjaniec-Blinkova 1968, Bresler, Lanzov and Likha-
chev 1973, Marinus and Adelberg 1970, Vapnek and Rupp 
1971). The origin of transfer (anT) has been localized 
within a 590 base pair segment at the left extreme of the 
transfer region when this region is mapped with its last 
gene located at the extreme right end of the F molecule 
(Thompson and Achtman 1978, 1979, Everett and Willetts 
1980). The oriT site is required in àis for DNA to be 
transferred and DCDS is probably initiated by a nick in 
this sequence. The traY and Z genes have been shown to 
be required for the nicking reaction to take place (R. 
Everett and N. Willetts cited in Willetts and Skurray 
1980). It has been postulated that the traM, I products 
displace the traY. Z endonuclease from oriT from the 
nicked plasmid DNA in response to mating pair formation 
and trigger both DCDS and DNA transfer (Everett and Wil-
letts 1980). The traD product may have a direct role in 
DCDS, since the, rate of DNA synthesis was reduced about 
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5-fold in traD mutants (Kingsman and Willetts 1978). 
traG has a proposed triple role in conjugation: pilus 
synthesis, stabilization of mating pairs and DNA trans- 
fer. (Achtman and Skurray 1977, Manning and Achtman 1979, 
Willetts and Maule 1980, Willetts and Skurray 1980). 
The gene which controls the expression of at least 
the traY, A, L, E, K, B, F, V,W, C, U, N, F, H, C, S, T, 
D, I, Z operon; traJ, is the only gene found in the 
fourth group of the F transfer genes. The genes are lis-
ted above in the order of transcription from left to 
right. (Finnegan and Willetts 1973, Kingsman and Wil-
letts 1978, Mclntire and Willetts 1978, 1980, Achtman et 
al. 1980, Willetts and Skurray 1980). traM which was lo-
cated to the left of traJ appears to have a rightward 
promoter, pM , to its left and is also controlled by the 
TraJ protein product (Willetts and Mclntire 1978, Thomp-
son and Achtman 1979, Willetts personal communication). 
Donor cells which have a conjugating sex factor have 
been shown to be very poor recipients of a closely rela-
ted or of the same plasmid (Lederberg, Cavalli and Leder-
berg 1952). This phenomenon has been called surface ex-
clusion (Sfx). Sfx has been prevented by growing reci-
pient cells with a plasmid such as F to stationary phase 
(F phenocopy or Sfx phenocopy) as shown by Lederberg, 
Cavalli and Lederberg (1952). Studies done on F surface 
exclusion have shown that pair formation was probably 
prevented by the Sfx characteristic (Achtman, Willetts 
andClark 1971) and was controlled along with the trans- 
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fer genes (Achtman, Willetts and Clark 1971, 1972, Fin-
negan and Willetts 1971, Willetts and Achtman 1972). Sfx 
has been shown to map within the transfer operon of F 
between traG and traD. It is determined by two cistrons 
which map close together and have been called traS and 
traT (Willetts 1974, Helmuth and Achtman 1975, Achtman et 
al. 1980). These two cistrons produce proteins, although 
only the TraT protein could be readily recognized in out-
er membranes of cells carrying Flac, the TraS protein has 
been identified in minicells (Kennedy et al. 1977, Mink-
ley and Ippen-Ihier 1977, Achtman et al. 1980, Manning, 
Beutin and Achtman 1980). 
Transfer regulation in most F-like plasmids is con-
trolled by the FinOP fertility inhibition system. Most 
F-like plasmids unlike F are repressedand have two 
structural genes fin? and finO which are responsible for 
this repression. (Meynell, Meynell and Datta 1968, Fin-
negan and Willetts 1971, 1972, Grindley et al. 1973). F 
is a naturally occurring fin0finp+  plasmid and expresses 
its transfer geneconstitutively. The finO product is 
more or less nonspecific and if a plasmid which has finO 
is in the same host as F, its FinO product can interact 
with the finP of F and produce FinOPF  inhibitor which acts 
on traJ depressing the expression of the transfer func-
tion. (Finnegan and Willetts 1973). Other fertility in-
hibition systems determined by unrelated plasmids but 
active on F-like plasmids have been identified as well 
as another inhibition system which is specified by an F- 
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like plasmids. When these systems have been tested they 
reduce J-independent transfer. (Willetts and Paranchych 
1974, Gasson and Willetts 1976). 
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IV. THE IncP/IncP-1 PLASMID RP1. 
The IncP group in E. coli is the same as the IncP-1 
group in Pseudomonas. The existence of RP1 (also called 
and essentially indistinguishable from RP!, R1822, R18 
and RK2; Chandler and Krishnapillai 197 14a, b, Grinsted, 
Bennett and Richmond 1977, Jacoby and Shapiro 1977, 
Burkardt et al. 1978, Burkardt, Rein and Pühler 1979) was 
discovered in carbenicillin resistant strains of Pseudo-
monas aeruginosa that were isolated from burn patients 
(Lowbury et al. 1969). The -lactamase which inactivated 
the carbenicillin was found to be similar to that pro-
duced by the E. coli R-factor RTEM  and different from 
that usually found in Pseudomonas strains. The resis-
tance to carbenicillin cotransferred from Ps. aeruginosa 
to E. coliK-12 with resistance to kanamycin/neomycin and 
to tetracycline (Sykes and Richmond 1970). 
A. HOST RANGE. 
RP1 was found to transfer resistance to carbenicil-
lin/ampicillin, kanamycin/neomycin and tetracycline free-
ly although at consistently poor frequencies in liquid 
matings among a large variety of unrelated gram negative 
bacterial genera (Datta et al. 1971, Grinsted et al. 
1972, Olsen and Shipley 1973, Chandler and Krishnapillai 
197 14a, Hedges 1974, Stanisich and Ortiz 1976, Alexander 
and Jollick 1977, VanLarebeke et al. 1977). In 1980 
Bradley, Taylor and Cohen showed that the transfer fre-
quency of RP1 In a surface mating system approaches 1. 
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B. PLASMID CHARACTERISTICS. 
RP1 was shown to have a buoyant density in CsCl gra-
dientcentrifugation of 1.719 9/cm 3 . In sucrose gradient 
centrifugation RP1 DNA was found to sediment in two 
forms, CCC and OC. The molecular weight of the plasmid 
was estimated to be 40 x 106 daltons and was found to 
have approximately 1 copy per chromosome. (Grinsted et 
al. 1972). 
RP1 plasmid was found to inhibit the plating effi-
ciency of the Pseudomonas phage G101 but not that of the 
Pseudomonas phages 33, 339, F116L, D3 and E79. This 
characteristic can be used to separate the broad host 
IncP-1 plasmids from other Pseudomonas IncP groups which 
either do not affect the efficiency of plating of these 
phages or in some IncP groups the efficiency of plating 
of one or more of the phages is affected, but not phage 
G101 alone as is the case for IncP-1 (Krishnapillai 1974). 
Ps. aeruginosa prophage 33 lysogens were shown to cause 
reduced inheritance of IncP-1 plasmids by their hosts 
(Stanisich and Ort iz 1976 )., Qit 	 Ts4 ot 
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plasmid's genome before it could be stably maintained. 
This characteristic of Ps. aeruginosa B3 lysogens has 
been used to obtain mutants of RP1 in several different 
characteristics (Stanisich and Ortiz 1976). IncP-1 fer-
tility is inhibited by many of the IncP-2 plasmids as 
well as by some of the Pseudomonas plasmids of unknown 
incompatibility. (Stanisich and Ortiz 1976, Bukhari, 
Shapiro and Adhya 1977). 
RP1, RP 14 and RK2 restriction endonuclease maps have 
shown that these plasmids have single EcoRI, BamHI and 
Hindill sites. (Fig. 1, Grinsted, Bennett and Richmond 
1977, DePicker, VanMontagu and Schell 1977, Meyer, Figur-
ski and Helinski 1977, Burkardt et al. 1978, Barth 1979, 
Thomas 1981). These sites can be used to insert DNA 
fragments from other sources. Watson and Scaife (1978) 
reported the use of an RP 1  plasmid into which the Xatt 
region had bee inserted at the EcoRI site to facilitate 
integration of the piasmid into the E. coil chromosome 
and promote Hfr transfer of the chromosome. This inte-
grated RP 14Xatt showed stable coexistence with autono-
mous RP1 derivatives (Watson and Scaife 1980). Haas and 
Holloway (1976, 1978) have described a deriv'ative of the 
IncP-1 plasmid R68, R68i5, which mobilized the chromo-
some of Ps. aeruginosa from multiple origins and thus fa-
cilitated mapping the Fs aeruginósa genome. Using 
R68. 145 Kiss etal. (1980) have isolated an R-prirne plas-
mid which includes 3 chromosomal markers from Rhizobium 
melilottT, Therefore, at least some of the members of 
the IncP-1 group exhibit episomal characteristics. 
C. THE P-i PILl. 
The IncP-i plasmids code for the production of short 
rigid pill which act both as conjugation pill and recep-
tors for IncP-l-speciflc phages (Bradley 1974, 1980, 






















FIGURE 1: PHYSICAL AND GENETIC MAP OF PLASMIDS RP1, RP 
AND RK2. 
Endonuclease, Km1', TCr,  anc  Cbr  were correlated 
to the specific DNA regions shown by Thomas 
(1981) 
Location of the transfer regions, oriT, rix 
(relaxation nick site), oriV, trfA, trfB and 
the direction of replication are from the 
data published for PR 24 and RK2 (Barth, Grin-
ter and Bradley, 1978, Barth 1979, Guiney:and 
Helinski 1979, Thomas et al. 1979, Thomas, 
Meyer and Helinski 1980, Thomas Stalker and 
Helinski 1981, Thomas 1981). 
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These rigid phi are easily broken off and account for 
the transfer frequencies in liquid matings of 10 	to 
10 	(Datta et al. 1971, Grinsted et al. 1972, Ingram, 
Richmond and Sykes 1973, Olsen and Shipley 1973). As 
mentioned above, the transfer frequencies of these pias-
mids in surface matings approaches 1 (Bradley 1980). 
D. PLASMID SPECIFIC PHAGES. 
Several IncP-1 plasmid specific bacteriophages have 
been found. The RNA phage PRR1 has been shown to be spe-
cific for IncP-1 plasmids and has a higher efficiency of 
plating on Pseudomonas strains than on members of the En-
terobactereaceae. PRR1 is icosahedral with a 26 nm diam-
eter and attaches to the sides of the short P-i pili (Ol-
sen and Shipley 1973, Olsen and Thomas 1973, Bradley 
197 14). 
A group of lipid-containing phages which are plasrnid 
specific have been described. Phage PRD1 was found to be 
icosahedral, approximately 62 nm in diameter and con-
tained double-stranded DNA (Olsen, Siak and Gray 19714). 
PR3 and PR 1  were similar to one another; they were hexag-
onal, with a 65 nm diameter, had short (60nm) tails 
which were easily lost. These phages like phage PRD1 
contained double-stranded DNA. The lipid-containing 
C&15 
IncP-l-specific phages are propagatedby,jp1asmIds of the 
IncN and IncW groups as well as the IncP-1 plasinids 
(Stanisich 1974, Bradley 1974, 1976, Bradley and Ruthe-
ford 1975). All three of these phages were at first 
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thought to adsorb to the cell wall of the hosts; however, 
Bradley (1976, 1977) and Bradley and Cohen (1977) showed 
that at least PRD1 and PR 14 adsorbed to the tip of plas-
mid specific pili. 
Another IncP-l-specific phage found was the filamen-
tous, single-stranded DNA phage, Ff3. Ff3 is approxi-
mately 760 nm long and produces turbid plaques on Ps. ae-
ruginosa. This plasmid like the lipid-containing phages 
appeared to attach itself to the cell wall of plasmid 
host cells. (Stanisich 1974, Bradley 197 14). Since the 
discovery that the lipid phages which are also plasmid-
specific for this group of plasmids adsorbed to pili. and 
not the cell wall as at first thought, it is probable 
that Ff3 also adsorbs to pili which retract after adsorp-
tion, pulling the phages to the surface of the cell wall. 
This was found to be the case for the Pseudomonas fila-
mentous phage PC (Bradley 1973). Phage Ff3 as far as is 
known is specific only for the IncP-1 plasmids. 
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V. STATEMENT OF THE PROBLEM. 
When this study was begun very little was known 
about the IncP-1 plasmids other than host range, physical 
properties, existence of plasmid-specific phages and an-
tibiotic resistance patterns of a few of the members of 
the group. 
I chose to study the conjugation system of RP1 as a 
representative of the group which at that time was one of 
the best characterized. The lack of HFT donor cultures 
as reported by Datta et al. (1971) and by Olsen and Ship-
ley (1973) and a completely different set of plasmid spe-
cific phages showed that this conjugation system differed 
significantly from the conjugation system of F and F-like 
plasmids. 
The ability of plasmid RP1 to transfer to and repli-
cate in a large variety Of gram-negative bacteria is of 
interest because it must be able to recognize a common 
structure or component on the cell surface of this wide 
range of bacteria and therefore also differed from the F 
conjugation system. 
Thirdly, the medical implications of a promiscuous 
R-plasmid which can transfer its resistance pattern from 
one genus to another in a hospital environment are many. 
The evolutionary implications which arise due to the 
presence of such plasmids in nature are also of interest. 
To study the aspects of conjugation I constructed 
and characterized a number of transfer deficient mutants 
of RP1 and attempted to usethese mutants in complementa- 
31 
tion studies. The first attempts to assign the transfer 
deficient mutants to complementation groups were done 
using transient heterozygote complementation experiments 
similar to those used by Actman, Willetts and Clark 
(1972) in their study of the conjugation system of plas-
mid F. Since the transfer frequencies of RP1 in broth 
matings were consistently low and no HFT conditions could 
be established, the optimal physiological and physical 
conditions for transfer in liquid medium of RP1 were es-
tablished. This was done to maximize the difference be-
tween the expected number of transconjugants from comple-
mentary Tra mutant pairs and the background number of 
transconjugants obtained from Tra mutant pairs which 
failed to complement each other. 
Since suppressible Tra mutants in suppressor host 
strains were necessary as donors in the above complemen-
tation experiments, P1 transductional complementation ex-
periments similar to those used by Willetts and Achtman 
(1972) in the analysis of the F conjugation system, were 
attempted to be able to use missensé mutants as donors 
in the complementation studies. 
As the work progressed it was evident that none of 
these methods were working well. Therefore, attempts 
were made to clone the transfer region onto the plasmid 
vector pBR325 which is compatible with RP1. Barth, Grin-
ter and Bradley (1978) identified two separate transfer 
regions on the RPL plasmid which is probably the sane as 
RP1 (see section IV .bove). The Tral region was success- 
/ 
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fully cloned into pBR325 and partial diploid strains were 
made using this chimera and a representative number of 
RPltra mutants (Schmidt, Watson and Willetts 1980, Wat-
son, Schmidt and Willetts 1980). These heterozygotes 
were used to begin the assignment of the Tra mutants 
into complementation groups. At least four genes in-
volved in the transfer function of RP1 were found within 
the Tral region. The Tra2 region of RP1 was not cloned 
because there was no selecting marker available. 
Once the tra genes were identified I hoped to be 
ableto begin identifying their products and the func-
tions of these products. The methods for identifying 
RP1-coded proteins in the various fractions of cells and 
minicells were established, using the traditional methods 
of fractionation and SDS-polyacrylamide gradient gel 
electrophoresis. 
MATERIALS AND METHODS 
BACTERIAL STRAINS AND PLASMIDS. 
All the Escherichia coli strains were derivatives of 
E. coliK-12. The characteristics of the bacteria and 
plasmids are listed on Tables 1 and 2 respectively. 
BACTERIOPHAGES.. 
The IncP-l-specific phages used were: PRR1, an iso-
metric RNA phage of 26 nm diameter (Olsen and Shipley 
1973, Olsen and Thomas 1973); Ff3, a short (760 nm) fil-
amentous single-stranded DNA phage (Bradley 1974, Stani-
sich 19711); PR 1 , a lipid-containing, hexagonal DNA phage 
with a diameter of 65 nm (Bradley 1974, Stanisich 1974, 
Bradley and Rutherford 1975). PRR1 and PRI4 were the 
gifts of D. Bradley and Ff3 was from V. Krishnapillai. 
Phages T6, Fl and A were from the laboratory collec-
tion. NMA599 and NMA610 transducing A phages which con-
tain the Su1 and Su111 regions of the E. coli chromosome 
respectively were obtained from N. Murray. They were 
described by Borck et al. (1976). 
Phage Mucts  was obtained from M. Casadaban. 
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TABLE 1: BACTERIAL STRAINS. 
Bacteria Characteristics Source 
Escherichia coliK-12 
AB259 Thi HfrH 
AB1157 Arg His 	Leu 	Pro 	Thr 	Strr T6r 
DS410 Str 1' minicell producer D. Sherratt 
DS552 Met Thy 	Strr  Po1A D. Sherratt 
ts2 1 L 
ED214 Sper Pir  T6r 
ED395 1acX7 14 
ED2196 His Trp 	1acX7 14 Ga1 	Sper  Nal" T6" 
ED3814 His St rr S u111+ 
ED3818 His Lys 	Trp 	Thi 	IaciX714 Ga1 T6r 	r x  imm 
Strr Nal" 
ED3892 Nal" of JC6256 
ED)41314 T6r of ED395 
J62::Tn7 His ProC Trp 	Lac 	X+StrI Tn7 Barth et al. 
(1976) 	via 
S. Hughes 
JC3272 His Lys 	Trp 	Thi 	1acLX74 Ga1 T6" A" Aimm 
St rr 
JC6255 Thi Trp 	1aciX714 Xr AlmI!l Su1 
JC6256 Thi Trp 	IacX74 A" x 1mm 
JC6650 Thi 1acX74 Ar X"111" Su111 
MC8708 HfrH Str" T6r Mucts N. Casadaban 
MV10 Leu Thr 	Thi 	lacY SupEL TonA D. Helinski 
trpE 
Pseudomonas aeruginosa 
PA01670(RP1) Ade 	Leu 	Rif 	Cmr' (RP1) 
3)4 
TABLE 2: PLASMIDS. 
Piasmid 	Inc 	Characteristics 	 Source 
group 
RP]. 	 TC r Cbr/APr Néo"/Km" Tra+ 
Dps(PRR1 Ff3 PRI4) Phi(G10i) 
RP1.-85 P-i Tn501 (Hg") inserted Stanisich, 
into kan gene of RP1 Bennett and 
Richmond 
(1977) 
R751 P-i TPr Tra+ Dps(PRR1 Ff3 Jobanputra 
PRLI) and Datta 
(197)4) 
As58 P-i Tc" Neo"/Km" CbS  (to >500 Baumberg 
pg/mi Cb, shows Cbr  phe- (1976) 
notype at Cb concentr- 
tions <500 pg/mi) Tra 
pRK246 P-i Hybrid of pCR1 (Km", Col Figurski, 
ColElim; Covey, Richard- Meyer and 
son and Carbon 1976) e ins i 
(1979) carrying the 14 to 29.9 
and 35.8 to 	b regions 
of RK2. 	Inc Tra 
pUB360 P-i TnA induced A of Kin 	in P. Bennett 
pUB307 (Robinson, Ben- pers. 	comm. 
nets and Richmond 1977) to N. 	S. 
Tra 	Tcr Cbr KmS Willetts 
Flàc P11 Tra+ Dps(fi f2 Q) lac k 
Key to abbreviations: 
Dps = Donor phage sensitivity 
Phi = Phage inhibition 
Tra = Ability to promote self transfer 
imm = immune 
= deletion 
r = resistant 
s = sensitive 
Ap = ampicillin 
Cb = carbenicillin 
Hg = mercury 
Km = kanamycin 
Neo = neomycin 
Tc = tetracycline 
Tp = trimethoprim 
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III. MEDIA. 
The complex media used was Luria (L) Broth which• 
contained 10 g tryptone, 5 g Difco yeast extract and 5 g 
NaCl per litre adjusted to pH 7.2. L-agar had 1.5% Difco 
agar added to the L-broth. LC agar contained 1% tryptone, 
0.5% yeast extract, 1% NaCl, 1.1% agar per litre, the pH 
was adjusted to 7; CaC12 2.5 x 10 	N was added separate- 
ly. LC top agar was as LC agar except it contained only 
0.7% agar (Wolf, Newman and Glaser 1968). BBL agar and 
top agar were used to titre X phages, (10 g trypticase, 
5 g yeast extract, 10 g NaCl, and 1.5% agar per litre or 
0.65% agar per litre for top agar). 
The minimal medium used was based onM9 (Adams 1959); 
1 g NHCl, 3 g KH 2 PO, 6 g Na 2 HP0, 1.2 ml of l.M MgSO, 
0.25 ml of 0.8 mg/mi thiamine, and 12.5 ml of 20% glucose 
per litre. Amino acids were added as required to final 
concentrations of 20 g/ml, and thymine to a final concen-
tration of 50 itg/ml. For plates, the agar concentration 
was 1.5%. 
Antibiotics and mercury (Hg++)  were added to complex 
or minimal media to the following final concentrations: 
carbenicillin (Cb) 1000 g/ml; kanamycin (Km) 20 ig/ml; 
tetracycline (Tc) 10 pg/mi in minimal medium and 20 pg/mi 
in complex medium; trimethoprim (Tp) 50 ig/ml in minimal 
medium (Tp is rapidly inactivated in complex media); na-
lidixic acid (Nal) 50 pg/ml; spectinomycin (Spc) 100 pg/mi 
in minimal medium and 20 pg/mi in complex medium; strep-
tomycin 200 pg/mi; mercury (Hg) 13.5 pg/mi. 
Tetrazolium was used as an indicator for Lac+  cells 
at a concentration of 20 ug/ml in complex medium contain-
ing 1% lactose when the presence of Flac was being tes-
ted. 
IV. PHAGE PROPAGATION. 
Phages PRR1, PRL, Ff3 and Fl were propagated on LC 
medium using a plate lysate method. Phages were added at 
a multiplicity of 0.1 to 2.5 ml melted LC top agar which 
áontained 0.2 ml of an overnight broth culture of 
PA01670(RP1) in the cases of PRR1, PRL and Ff3; or the 
appropriate E. coliK-12 strain to make the necessary Fl 
transducing phage in the case of P1; mixed and plated on 
anO LC agar plate. After overnight incubation at 37 ° C 
the top agar layer was scraped off, emulsified with 5 ml 
L-broth and centrifuged at 3,000 rpm for 10 mm. The 
supernatant broth contaIning PRRI, Ff3 or P1 phages was 
mixed with a small amount of chloroform and refrigerated. 
The supernatant broth containing phage PRt was filtered 
through a sterile 42 i millipore filter to remove any 
bacteria present in the supernatant broth since chloro-
form inactivates lipid-containing phages, then refriger-
ated. The plaque forming units (pfu)/ml of each phage 
were determined using PA01670(RP1) as indicator for PRR1, 
PR 14 and Ff3; and ED3814 as indicator for P1. 
The A phages were propagated in a similar manner 
using L-agar. The host bacterium for both propagation 
and determination of pfu/ml was ED381. Titres were de- 
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termined using BBL agar and top agar. X phages were 
stored in L-broth with 10 2 M MgSO4 over chloroform at 
14 ° C. 
Phage T6 was obtained from the laboratory stock 
preparations as needed. 
Phage Mut5  was prepared immediately prior to use 
by heat induction of MC8708 at 142°C. MC8708 was grown 
to 5 - 8 x 108  cells/ml in L-broth with aeration at 30 ° C, 
then shifted for 30 min to a 142 ° C shaking water bath. 
The cultures were allowed to continue shaking at 37 ° C 
until complete lysis had occurred. Cell debris was re-
moved by centrifugation at 3,000 rpm for 10 mm. MUcts 
was titred on ED38114 and stored overnight at 14°C. MUCtS 
titres dropped very rapidly and fresh lysates were 
therefore prepared for each experiment. 
V. DETERMINATION OF TRANSFER FREQUENCIES. 
Donor strains were grown in L-broth to exponential 
phase in a 37°C shaking water bath at 20 rpm. The re-
cipient strain was grown in L-broth to exponential phase 
in a 37°C shaking water bath at 85 rpm. 
One-tenth millilitre of the exponentially growing 
donor cells was placed in a 50 ml flask. To the donor 
cells 0.9 ml of the exponentially growing recipient cells 
were added, and the mating mixture was diluted 1:10 by 
adding 9 ml L-broth and swirling gently. One millilitre 
of each diluted mating mixture was placed in a large test 
tube and incubated at 37°C in a standing water bath for 
2 hrs. 
Mi 
At the end of the mating period all mixtures were 
placed on ice. and 100, 10' and 102 dilutions were 
plated out by the agar overlay method on minimal agar 
selective for the plasmid-containing derivatives of the 
recipient strain. All plates were incubated for 2 days 
at 37 ° C. 
Viable counts of the donor strains were made at the 
time of setting up the mating mixtures. The transfer 
frequencies were calculated as the number of transconju-
gants per donor cell. 
VI. MtJTAGENESIS. 
N-methyl-N-nitro-N'-nitrosoguanidine (NTG) from the 
Aldrich Chemical Co., Inc., Milwaukee, Wis. was dissolved 
in 0.1 M sodium citrate buffer pH 5.5 at a concentration 
of 1 mg/mi and sterilized by filtration. . Bacteria were 
grown in 10 ml L-broth to 5 x 108  cells/mi, centrifuged, 
washed once with 0.1 M sodium citrate buffer and then 
resuspended in 14,5 ml of the buffer. One-half millilitre 
of the NTG solution was added to the bacterial suspension 
to give a final concentration of 100 ig/ml NTG, mixed by 
vortexing and incubated at 37°C for 20 mm. After the 
incubation period the bacteria were diluted 1:100 in L-
broth to stop mutagenesis and aliquots were incubated 
overnight at 37 ° C. 
Ethyl-methane-sulfonate (EMS) from Eastman Organic 
Chemicals, Rochester, N.Y. was also used to mutagenise 
bacteria. Cultures were grown in 10 ml L-broth to 
5 x 108 cells/mi, centrifuged, washed once in 0.1 N 
phosphate buffer PH 7.0 and resuspended in 5 ml of the 
buffer. Fifty microlitres of EMS were added to the bac-
terial suspension and the mixture was shaken and then 
incubated in a 37°C standing water bath for 30 mm. The 
suspension was diluted 1:100 in L-broth and aliquots were 
incubated overnight at 37 ° C. 
DETERMINATION OF SURFACE EXCLUSION INDICES. 
Donor and recipient cultures were grown to exponen-
tial phase in the same manner as for transfer frequency 
determinations. Donors and recipients were mixed in a 
1:10 ratio, diluted 1:10 with L-broth and incubated at 
37 ° C for 2 hrs. Undiluted and diluted aliquots of the 
mating mixtures were plated on minimal selective medium. 
The number of transconjugants obtained from the plasmid-
less recipient divided by the number of transconjugants 
from a recipient containing a plasmid was taken to be 
the surface exclusion index of the plasmid-containing 
cell. 
Mu LYSOGENIZATION. 
Stationary phase cultures (0.1 ml) of ED 14134(RP1) 
were plated with 2.5 ml LC-top agar on LC agar plates. 
Ten microlitre drops of a phage Mut5  preparation were 
spotted on top of the agar and incubated at 30 ° C over-
night. Colonies which grew up in thephage spots were 
streaked to obtain single colonies. Only one Mut5 lyso-
gen per spot was used in order to ensure independent 
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lysogenization events. Purified cultures of the RP1:: 
Mut5 lysogens were tested for the presence of the RP1 
antibiotic resistance markers, transfer frequencies and 
for inducibility of the phage. To determine whether the 
Mu prophage was on the plasmid or on the host chromosome 
JC3272(RP1-85) was mated with ED141314(RP1::Mucts) and 
Hg 1'[prototrophl transconjugant.s were selected.on minimal 
selective medium. The ED134(RPl_85) transconjugants 
were thermoinduced to see if the Mu prophage was on the 
chromosome. 
P1 TRANSDUCTION. 
Recipient cells were grown to approximately 5 x 10 8 
cells/mi in L-broth containing 10 mM Cad 2 and pelleted, 
then resuspended in 0.1 vol of L-broth containing 10 mM 
CaC12. One-tenth miililitre of the concentrated bacteria 
was mixed with 0.1 ml of the diluted donor P1 phages to 
give a multiplicity of infection (m.o.i.) of 1. The 
mixtures were incubated at 37 ° C for 20 min to allow phage 
adsorption. They were then centrifuged in a bench cen-
trifuge and resuspended in L-broth without CaC12 before 
plating on minimal selective medium. 
P1 TRANSDUCTIONAL COMPLEMENTATION. 
Mutant derivatives of RP1 in JC3272 were grown to 
5 x 108 cells/mi in L-broth with 10 mM CaC12. One-tenth 
millilitre of the concentrated bacteria was mixed with 
0.1 ml of diluted donor P1 phages to give an m.o.i. of 1. 
These mixtures were incubated without shaking at 37°C 
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for 20 min to allow the phage to adsorb. Further phage 
adsorption was then stopped by the addition of 0.1 ml 
L-broth containing 30 mg/ml sodium citrate. One-tenth 
milillitre of final recipients which had been grown 
without CaC12 in L-broth to approximately 5 x 108  cells/ 
ml and concentrated to 0.1 vol in L-broth with 10 mg/mi 
sodium citrate were then added (1:1 ratio with respect to 
the intermediate recipient). Compiementation mixtures 
were allowed to incubate for 2 hrs at 37°C in a standing 
water bath'. All mixtures were plated on selective mini-
mal medium and incubated for 2 days at 37 ° C. 
XI. TRANSFORMATION. 
Fresh overnight cultures of recipient strains were 
diluted 1:20 in L-broth and grown in a shaking 37°C water 
bath to approximately 5 x 108 cells/mi. Cultures were 
chilled on ice for 20 - 30 min prior to ceritrifugation 
for LI min in a bench centrifuge. Cells were washed once 
in 0.5 vol chilled 100 mM CaC12. After washing, the 
cells were resuspended in 0.5 of original volume in 75 mM 
Cad 2 at LI°C and allowed to stand on ice for 20 mm. 
Bacteria were centrifuged in a bench centrifuge for 14 mm 
and resuspended in 0.05 of original volume using chilled 
75 mM CaCl 2 . These cells were the competent cells used 
as recipients. 
Two hundred microlitres of competent cells were 
added to 100 pl DMA. After standing on ice for 30 mm, 
they were heat pulsed at 142 ° C for 2 min with agitation 
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during the first 10 - 15 sec of the heat pulse to ensure 
even heat transfer. Transformation mixes were chilled 
after the heat pulse and diluted to 1 ml with L-broth, 
then incubated for 1 or more hrs at 37 ° C to allow for a 
period of expression of the transformed DNA. At the end 
of the expression period the transformation mixes were 
plated on selective minimal medium. 
XII. ISOLATION OF PLASMID DNA. 
The method used for isolation of plasmid DNA was a 
modification of that of Humphreys, Wilshaw and Anderson 
(1975). Cells were collected for centrifugation at 
10,000 rpm for 10 min at 40c from aerated overnight 1 
litre L-broth cultures of plasmid-containing strains and 
resuspended in 10 ml of 25% sucrose in 0.05 M Tris pH 8. 
Cells were kept on ice throughout the procedure. One and 
one-half millilitres of a 20 mg/ml lysozyme solution in 
0.25 M Na2EDTA pH 8 were added and the mixture swirled 
intermittently on ice for 5 mm. Fifteen millilitres of 
a 1% Brij 58, 0.4% sodium desoxycholate in 0.01 M Tris, 
0.001M Na2EDTA, pH 8 solution were added rapidly and 
thoroughly mixed. The mixture was left on ice until 
lysis had occurred. Cell debris and the bulk of the 
chromosomal DNA were removed by centrifugation at 15,000 
rpm for 45-min at 4 ° C in the 8 x 50 ml rotor of an MSE18 
centrifuge. The cleared lysate was carefully decanted 
into aclean,. chilled 50'.ml. graduated cylinder. To the 
cleared lysate 3% w/v NaCl and 10% w/v polyethylene glycol 
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(PEG, Carbowax 6000) were added and inverted to completely 
dissolve the PEG and NaCl. This mixture was allowed to 
stand on ice overnight, and then the PEG-DNA pellet was 
removed by low speed centrifugation in a bench centrifuge. 
The supernatant liquid was carefully removed and the pel-
let was dissolved in 5 ml of TES buffer (0.05 M Tris 
pH 8, 0.005M Na2EDTA, 0.05 M NaCl). To 5 ml of PEG-DNA 
solution 8 g CsC1 and 0.1 ml of a 10 mg/mi ethidium bro-
mide solution were added and dissolved by invers.ion. The 
mixture was then allowed to stand on ice 20 - 30 mm, 
after which the flocculent PEG precipitate at the top of 
the mixture was removed by centrifugation at 10,000 rpm 
and Lr ° C for 30 min in the 8 x 50 ml rotor of an MSE18 
centrifuge. The supernatant fluid was carefully decan-
ted into a clean tube, 0.5 ml of a 10 mg/ml ethidium bro-
mide solution was added and the density was adjusted to 
1.59 - 1.61 g/ml with C5C1 or TES buffer as needed. The 
DNA preparations were centrifuged for approximately 40 
hrs at 38 - 40,000 rpm in a 50Ti rotor at 18 ° C. 
The lower plasmid band was removed under U.V. illu-
mination with a 23G needle by either dripping into a tube 
or withdrawing into a 1 or 2 ml syringe. The ethidium 
bromide was removed by extraction with n-butanol which 
had been equilibrated against saturated CsCl solution. 
Butanol extraction was followed by phenol extraction 
(with phenol previously equilibrated against TES buffer). 
The DNA was then dialysed against 3 changes of TES buf-
fer followed by 3 changes of TE buffer (0.05 M Tris pH 8 
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and 0.005 M Na 2 EDTA). The concentration of DNA was de-
termined by measuring the optical density at 260 nm and 
280 nm. If the O.D.260/O.D.280 ratio approached 2, then 
protein contamination was negligible and could be dis-
counted. An O.D. 260 0f 1.0 is equivalent to 50 ig DNA/mi 
when the O.D.250/0.D.280 ratio Is greater than 1.7, 
therefore•• 
[DNA] = (O.D.260 x 50 x dilution) ag/mi. 
The DNA preparations were concentrated if necessary 
by ethanol:precipitation. For this the DNA solution was 
made 0.3 M with respect 'to sodium acetate by addition of 
0.1 vol of 3 M sodium acetate pH 5 and 0.01:M with res-
pect to magnesium by the addition of 0.01 vol of 1 M 
MgCl2. Two volumes of ethanol were added and the mixture 
chilled in a dry ice/ethanol bath for 15 - 30 min or at 
-20 ° C for 2 - 3 hrs. Small scale preparations were cen-
trifuged for 5 min in a microcentrifuge and larger scale 
ones for 20 - 25 min at 12 - 114,000 rpm and 14°C in the 
8 x 50 ml rotor of an MSE18 centrifuge. The supernatant 
was poured off and the tube drained before drying the 
precipitated DNA in a. vacuum desiccator. Dried DNA was 
dissolved in the required amount of buffer or sterile 
water. 
XIII. RESTRICTION OF DNA. 
Plasmid DNA (0.5 - 2 jig) was digested in a 50 i1 
volume using the following restriction endonucleases 
(Miles Laboratories) and buffers: EcoRl, 0.1 M Tris 
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pH 7.5, 0.05 M NaCl, 0.01 M MgC1 2 , 0.1% gelatin; Hindill, 
0.006 M Tris pH 7.5, 0.05 M NaCl, 0.006 N MgC1 2 , 100' ig 
BSA (bovine serum albumin)/ml. Digestion mixtures were 
incubated .at 37°C for 1 hr using 1 unit of restriction 
endonuclease/ig DNA. Reactions were stopped by heating 
at 65°C for 5 mm. 
AGAROSE GEL ELECTROPHORESIS. 
Restriction endonuclease-generated DNA fragments 
were analyzed in 0.7% agarose gels prepared in 40 mM 
Tris pH 8.2, 20 mM sodium acetate and 5 mM Na 2 EDTA. 
Restriction digests were electrophoresed in a horizontal 
apparatus (15 x 25 'cm) at a constant 70 V for 16 - 18 hrs 
and photographed under U.V. illumination with a red fil-
ter after staining with ethidium bromide. 
PREPARATION OF BACTERIAL CELLS AND BACTERIAL OUTER 
flTT, MMJF WflP 
Ten millilitres of cells with or without a plasmid 
were grown to approximately 5 x 10 8 cells/mi and entri-
fuged for 10 min at L°C and 10,000 rpm in 30 ml Corex 
tubes in the 8 x 50 ml rotor of an MSE18 centrifuge. 
Cells were 'resuspended in 2 ml 0.05 N Tris pH 6.8 and 
0.25 ml removed b'efore centrifugation for 10 min at 4°C 
and 10,000 rpm. The 0.25 ml aliquot of cells to be used 
as a total cell protein preparation was centrifuged and 
the pellet resuspended in 50 iii sample buffer (6% sodium 
dodecyl sulfate [SDS], 10% 2-mercaptoethanol, 0% gly-
cerol and 0.062 N Tris pH 6.8). 
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The pellet from the larger aliquot was resuspended 
in 7.5 ml TEM buffer (10 iiM Tris pH 7.8, 5 mM Na2EDTA, 
18 mM 2-mercaptoethanol) and sonicated on ice in 20 sec 
bursts until clear. Sonicated cells were centrifuged in 
15 ml Corex tubes for 10 min at 2°C and 5,000 rpm to re-
move the cell debris. The supernatant fluid was centri-
fuged in a 50T1 rotor for 45 min at 40,000 rpm and 4°C. 
The pellet was resuspended overnight in the cold in 5 ml 
of a 0.5% Sarkosyl, 18 mM 2-mercaptoethanol solution. 
The samples were then vortexed and centrifuged at 40,000 
rpm and 4°C in a 50Ti rotor for 45 mm. The outer cell 
membrane fraction present in the pellet was resuspended 
in 50 jul of sample buffer. 
XVI. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS. 
Samples in sample buffer were heated for 3 min at 
95 ° C in a water bath, cooled and electrophoresed in a gel 
system based on that of Studier (1973). The stacking gel 
contained 3% w/v acrylamide, 0.08% w/v bis-acrylamide and 
1% w/v SDS in 0.062 M Tris pH 6.8. The running gel was a 
linear gradient of8 - 16% w/v acrylamide, 0.21 - 0.43% 
w/v bis-acrylamide and 0.1% SDS in 0.375 M Tris pH 8.8. 
Polymerization was initiated with small amounts of N, N, 
N!, N'-tetraethylmethyleneadiammne and ammonitpersü1 
fate. The electrode buffer contained 0.025 M Tris pH 8.3, 
14.4% w/v glycine, 0.1% w/v SDS, and 0.018 M 2-mercapto-
ethanol. Gels were electrophoresed for 16 - 18 hrs at 
15 rn (160 V) constant current. 
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The molecular weight marker mixture was prepared in 
sample buffer with 0.015% bromophenol blue and contained: 
phosphorylase a (92,000 MW), 1 mg/mi; bovine serum albu-
men (68,000 MW), 2 mg/mi; ovalbumen (42,000 MW), 3mg/mi: 
penlciilinase (28,000 MW), 4 mg/mi; -lactogiobuiin 
(18,500 MW), 6 mg/mi; lysozyme (1 14,000 MW), 8 mg/mi; 
cytochrome c (12,000 MW), 10 mg/mi. The molecular weight 
marker mixture was stored at -20 ° C and heated at 95°C for 
3 min In a water bath before ioading on a gei. 
After eiectrophoresis gels were fixed for 10 min at 
37 ° C on a rotating table in 45% methanoi and 9% acetic 
acid, and then stained for 10 min at 37 ° C on a rotating 
table in 0.1% Coomassie Briliiant Biue, 145% methanol and 
9% acetic acid. Destaining of the gels was carried out 
at 37°C with gentle shaking in a soiution of 7% acetic 
acid and 5% methanol for several hours. The gels were 
then photographed. 
If autoradiography was to be done, the gels were 
dried in vacuo on Whatman 3MM paper using a Biorad slab 
gel dryer for 90 mm, and then exposed to Kodak XH 114 
film at room temperature for the required length of time. 
XVII. PREPARATION OF MINICELLS. 
The method of isolation of minicelis was basically 
that of Mertens and Reeve (1977). The miniceli producing 
strain, DS 1410, with or without a plasmid was grown to an 
O.D. 65 0 of 0.5 in M9 glucose medium at 37°C with vigorous 
shaking. Cultures were cooled to 2°C and centrifuged at 
36,000 x g for 10 mm. The bacterial/minicell pellets 
were resuspended in L ml of ice cold M9 medium without 
glucose and layered on top of 5 - 30% sucrose gradients 
which were centrifuged at 3,000 x g for 15 min at 0 ° C in 
an SW39 rotor. The supernatant fluid was collected and 
recentrifuged at 27,000 x g in a Sorvall GSA rotor at 0 ° C 
for 10 mm. The minicell pellet was resuspended in a 
small volume of M9 medium without glucose and. layered on 
top of 5 - 30% sucrose gradients which were centrifuged 
at 2,500 x g and 0 ° C for 15 min in an SW39 rotor. The 
band of minicells was collected and the minicells were 
pelleted for 10 min at 18,bO0 x g.and 0 ° C in a Sorvall 
GSA rotor. The pellets were resuspended in M9 medium 
without glucose and the sucrose gradient step was re-
peated. 
The miruicell bands were removed, pelleted and washed 
in M9 minimal medium. If minicells were to be stored (at 
-70 ° C for up to 1 month) the minimal medium contained 10% 
glycerol and the minicells were at a concentration which 
gave an 0.D.660 of 0.5. At the end of the purification 
of minicells, viable counts were made of each preparation 
to determine the extent of bacterial contamination. 
To use frozen minicell preparations, these were 
thawed, diluted 1:2 with M9 minimal medium without glu-
cose and centrifuged at 10,000 x g and 0 ° C for 10 mm. 
After pelleting, minicells were washed and resuspended to 
an 0.D.660 of 0.5 in M9 glucose minimal medium. 
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LABELING MINICELLS WITH 35 S-METHIONINE. 
Ten millilitres of a minicell preparation in M9 glu-
cose minimal medium at an 0.D.660 of 0.5 were warmed to 
37 ° C in a shaking water bath and 100 liCi of 35 S-methio-
nine added. Labeling was allowed to proceed for 30 mm 
with shaking at 37°C at which time 0.3 ml of cold me-
thionine (8 mg/mi) were added and incubation continued 
for a further 3 mm. Preparations were chilled on ice 
and centrifuged in 15 ml Corex tubes at 10,000 rpm in 
the 8 x 50 ml rotor of an MSE18 centrifuge for 10 min at 
2 ° C. Minicells were washed with 2 ml of 0.05 N Tris 
pH 6.8 and resuspended in 2 ml 0.05 N Tris pH 6.8. 
PREPARATIONS OF MINICELLS AND MINICELL FRACTIONS FOR 
ELECTROPHORESIS. 
One-fourth millilitre of each labeled minicell pre-
paration to be tested in 0.05 N Tris was centrifuged at 
10,000 rpm in a 15 ml Corex tube and resuspended in 50 Pl 
of sample buffer (see section XV above). The remaining 
portion. of each labeled minicell preparation was centri-
fuged and resuspended in 7.5 ml TEM buffer (see section 
XV above), and disrupted by sonication on ice in 20 sec 
bursts until clear. Sonicated minicells were centrifuged 
in 15 ml Corex tubes for 10 min at 2 ° C and 5,000 rpm to 
remove debris. The supernatant fluid containing the cyto-
plasm and cell envelope was centrifuged in a 50Ti rotor 
for 45 min at 40,000 rpm and L ° C. The supernatant which 
contained the cytoplasmic fraction was precipitated with 
5% trichloroacetic acid, washed with acetone and resus- 
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pended in 100 p1 of sample buffer. The pellet which con-
tained the cell envelope fraction was resuspended over-
night on ice in 5 ml 0.5% Sarkosyl in 18 mM 2-mercapto-
ethanol. 
The cell envelope material in Sarkosyl was vortexed 
and centrifuged in a 50Ti rotor at 40,000 rpm and 4 ° C 
for 45 mm. The inner membrane fraction remained dis-
solved in the supernatant and was precipitated with 5% 
trichloroacetic acid, washed with acetone and resuspended 
in 50 p1 of sample buffer. The pellet which contained 
the outer membrane was resuspended in 50 p1 of sample 
buffer. 
Five microlitres of each fraction and of whole mini-
cells in sample buffer were placed in liquid scintilla-
tion fluid and counted in a Packard Tri-Carb Liquid 
Scintillation Counter to determine how much should be 
loaded onto the gradient SDS-polyacrylamide gels for 
electrophoresis. 
RESULTS 
I. ESTABLISHMENT OF OPTIMAL CONDITIONS FOR LIQUID MATINGS 
OF PLASMID RP1. 
At the time this work was started very little was 
known about the nature of the transfer function of RP1 
and about the optimal physiological conditions required 
for transfer. The reported transfer frequencies in 
liquid matings of RP1 ranged from approximately 10 3 to 
lO 	(Datta et al. 1971, Grinsted et al. 1972, Ingram, 
Richmond and Sykes 1973, Olsen and Shipley 1973). To 
carry out a genetic analysis using transient heterozygotes 
for complementation of the transfer function such as was 
done for F (Achtman, Willetts and Clark 1972, Willetts 
and Achtman 1972, Willetts 1973) these frequencies needed 
to be optimized to as close to a frequency of 1 as pos-
sible, by altering the physiological conditions or find-
ing high frequency transfer mutants of RP1. Although RP1 
transferred efficiently on solid-surface matings this 
method could not be easily adapted since complementation 
using transient heterozygotes would have required a se-
ries of manipulations which would have been too tedious 
for the large number of crosses involved. A second rea-
son was that the degree of accuracy in quantitative de- 
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terminations of this kind would be limited. 
Therefore, to establish the conditions at which max-
imum transfer could be obtained in liquid matings with 
the plasmid RP1 the effects of varying a series of para-
meters were tested. These included the donor to reci-
pient ratio, the growth phase of both donor and recipient 
cells, the speed at which both the donors and the reci-
peints were shaken during growth, and the total cell con-
centration in the mating mixtures. 
ED2196(RP1) was used as the donor strain and JC3272 
as the recipient strain in all of these tests. 
A. EFFECT OF SPEED OF SHAKING AND GROWTH PHASE OF DONORS 
AND RECIPIENTS. 
One possible reason for low RP1 transfer frequencies 
in liquid matings could have been that the plasmid coded 
for fragile pili which were sheared by the shaking during 
growth. If shaking was not used or was so gentle that 
the cells suffered from oxygen starvation during growth, 
cell metabolism and by inference pilus synthesis neces-
sary for transfer could conceivably be impaired or re-
tarded and thus transfer frequencies would be adversely 
affected. Therefore, the slowest speed of shaking which 
did not affect the rate of cell growth might possibly in-
crease the transfer frequency since the shearing effect 
on pili would be minimized. 
Growth curves of donor cells shaken at 15, 20 and 
85 rpm showed that the cells arrived at exponential phase 
(2 - 5 x 108 cells/mi) in approximately the same length 
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of time whether shaken at 20 or 85 rpm. However, cells 
grown at only 15 rpm took longer to arrive at the same 
level of growth (see Fig. 2). Therefore, in later ex-
periments when testing the possible physiological parame-
ters affecting the RP1 transfer frequency the lowest 
speed of shaking used was 20 rpm. 
Various combinations of: speed of shaking during 
growth, growth phase of cells and donor to recipient ra-
tios of 1:10 vs 1:2 were tested (see Table 3). When do-
nors were grown to exponential phase without shaking, the 
transfer frequencies were between 10 and 10 whether 
the recipients were in exponential or stationary phase. 
The donor to recipient ratio did not affect this fre-
quency. Mild aeration caused by gentle shaking (20 rpm) 
increased the donor frequency 5 - 10-fold when the donors 
were in exponential phase. If the donors were grown to 
stationary phase (1 x 10 cells/mi) or if they were grown 
with vigorous aeration such as shaking at 85 rpm, the 
donor abilitywas impaired (see Table 3). 
To determine the optimal speed of shaking while do-
nors were growing to exponential phase, matings with do-
nors grown at 0, 15, 20, 30, 40, 50, 60, 70, 80, and 85 
rpm were done and the transfer frequencies calculated. 
A 2 - 10-fold increase in transfer frequency was obtained 
with 15 and 20 rpm rates of shaking when compared with 
higher rates of shaking and with frequencies obtained 
when no aeration was used (see Table 14). 
T 
0) 
Time in hours 
FIGURE 2: GROWTH 
	
OF BACTERIAL CELLS GROWN 
AT DIFFERENT RATES OF SHAKING IN A 37 ° C 
WATER BATH. 
Bacterial cells used were ED219(RPl). 
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TABLE 3: FREQUENCY OF RP1 TRANSFER FROM ED2I96'(RPi) INTO'JC3272 UNDER VAR'I'QUS'CONDITIONS. 
Rpm at Donor cell 1:2 dono'r:recipient ratio 1:10 donor:recipient ratio 
which concentration Recipient Recipient Recipient Recipient 
donors per ml exponential stationary exponential stationary 
shaken ''phase phase phase......... phase 
0 rpm 2.5 x 108 1.7 x 10 	. 3 	x 10 8 	x 10 5 	x lO 
0 rpm 5.6 x 108 7 x 10 1.6 x 10-4 2 	x 10 	. 2 	x 10 
0 rpm 1.8 x l0 1 x 10' 1.2 x i0 1 	x 10 1.2 x 10 
20 rpm 2 x 108, 2.8 x 10 -1 1.5 x 10 5 	x 10 1.5 x 10 2 
20 rpm 5 x 108 2 x 10 8 	x 10' 4 	x LO NTa 
20 rpm I x 10 9 7 x 10' 5 	x 10 	. 8 	x 10 6.6 x 10-4 
85 rpm 2 x 108 3.1 x 10 2 	x 10 x 10-4 2 	x 10. 
85 rpm 5 x 108 3.3 x 10 1.8 x 10 5.5 x 6.1 x 10 
85 rpm 1 x 10 1.1 x I0' 
' 	 9 x I0 	' 	' 2 	x 'l0' 7 	x 10' 
aNT = not tested 
Donor strain = ED2196(RP1) 
Recipient strain = JC3272 
All matings were of 2 hr duration at 37°C in a standing water bath. 	 Lii 
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TABLE LI: TRANSFER FREQUENCIES OBTAINED AT VARIOUS SPEEDS 
OF SHAKING DURING GROWTH OF DONORS TO EXPONEN-
TIAL PHASE. 
Rpm during growth Transfer 
of donors to 2 x 10 8 frequency 
cells/mi 
0rpm 8 xlO 
15 rpm 2 x 10 -1 
20 rpm 1.8 x 10 
30 rpm 1 x 
40 rpm x 10 
50 rpm 5 x 10-4 
60 rpm 1.5 x 10 
70 rpm 1.5 x 
80 rpm 1.3 x 10 
85rpm 1 xl0 4 
Donor cells = ED2196(RP1). 
Recipient cells = JC3272 
Donor:recipient ratio = 1:10 
Matings were carried out for 2 hrs at 37°C. 
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A 1:10 or 1:2 donor to recipient ratio which was di-
luted with L-broth gave a 10-fold increase in transfer 
frequency. Whereas a 1:2 or a 1:10 undiluted donor to 
recipient ratio gave frequencies of 10 	in 2 hr liquid 
matings, the diluted mating mixtures gave frequencies of 
1 - 2 x 10 . 2 . 
EFFECT OF LENGTH OF 4ATING. 
Matings of 30, 60, 90 and 120 min using a 1:10 donor 
to recipient ratio were done. Both the donors and reci-
pients were in exponential phase. The donors were grown 
in a 20 rpm shaking water bath at 37°C while the recipi-
ents were grown in an 85 rpm shaking water bath at 37 ° C. 
In the 30-min matings the transfer frequencies aye-
raged 10, in the 60-min matings the average transfer 
frequency rose to 10, in the 9,0-min matings to 10 	and 
in the 120-min matings to 1.5 x 10 2 . 
EFFECT OF ANTIBIOTIC SELECTION. 
The efficiency of selection for RP1 transconjugants 
with the various antibiotics to which RP1 was resistant 
was tested to see if there was any difference in the num-
ber of transconjugants when using Ap, Cb, Km or Tc both 
immediately following the end of the mating period and 
using a delayed selection for the plasmid-coded resis -
tance after plating on minimal media. 
The mating mixtures were diluted and plated out onto 
minimal medium agar plates with Str to select for the re- 
cipient strain and on minimal plates which had Ap, Cb, Km 
or Tc as well as Str. The plates which had only Str were 
incubated at 37°C for 2 hrs before underlaying with 
enough antibiotic to give appropriate final concentration 
of Ap, Cb, Km or Tc when it had diffused completely 
through the agar. All plates were incubated for 2 days 
at 37 ° C. 
There was no difference in the number of transconju-
gants from mating when Ap, Cb, Km or Tc was used as the 
selecting antibiotic. Delayed antibiotic selection did 
not significantly increase the apparent transfer fre-
quencies (see Table 5). 
D. EFFECT OF SHAKING THE MATING MIXTURES. 
Curtiss et al. (1969) found that a lower number of F 
pili were made by donors when they were aerated by gentle 
shaking and that slightly anaerobic conditions in rich 
media increased the number of F pill and therefore donor 
ability of Hfr donors. Since RP1 donors showed a greater 
donor frequency when they had been grown to exponential 
phase with gentle shaking as opposed to the experience of 
Curtiss and collaborators (1969) with Hfr donors, the 
possibility existed that added aeration supplied by 
gentle shaking during the actual mating period might in-
crease the frequency of mating. 
Parallel matings for which the recipients were grown 
with either 20 or 85 rpm shaking were done. In all cases 
the frequencies of the matings carried out with 15 rpm 
shaking during the actual 2-hr mating period were between 
TABLE 5: EFFECT OF ANTIBIOTIC SELECTION ON TRANSFER 
FREQUENCY. 
Afl1b1OCa 	Transfer 	Antibiotic ad_b 	Transfer 
added at end frequency ded 2 hrs after frequency 
of mating 	 end of mating 
	
10 pg To/mi 	2.5 x 10 2 	10 pg Tc/ml 	3.8 x 10 2 
25 pg Ap/mi 	2.5 x 10 2 
	
25 pg Ap/mi 3.6 x 1O 
20pgKrn/mi 	1.5x10 2 
	
20 pg Km/mi 
	
2.5 x 1O 2 
250 pg Cb/ml 	2.5 x 10 2 
	
250 pg Cb/ml 
	
3.5 x 10 2 
All matings were from ED2196(RP1) into JC3272 in a 1:10 
ratio. Donors were grown to exponential phase with slow 
shaking, recipients with Cast shaking; All matings were 
2 hr matings at 37 ° C. 
aDlUOflS of the mating mixture were plated onto minimal 
selective plates which selected for e.g. Tcr[StrI'] 
transconjugants. 
bDilutions of the mating mixture were plated onto minimal 
plates with streptomycin. The selecting antibiotic was 
underlayed after 2 hours incubation at 37°C to give the 
concentration desired after diffusion took place. 
rAWT 
MW 
50 - 70% of the ones carried out without any agitation 
(see Table 6). 
E. CONCLUSIONS. 
In view of all the above results it was decided that 
for best and most consistent results donors should be 
grown to exponential phase with slow shaking (20 rpm). 
The recipients were also grown to exponential phase but 
with fast shaking (85 rpm). The donor to recipient ratio 
used was 1:10, and the mating mix was diluted 1:10 with 
L-broth. All matings were incubated for 2 hrs in a 
standing 37°C water bath. 
TABLE 6: EFFECT OF SHAKING DURING MATING ON TRANSFER 
FREQUENCY. 
Speed of shaking 	Speed of shaking 	Trañsfer 
during growth to during mating 	frequency 
exponential phase 
by recipient 
20 rpm 	 0 rpm 	 8 	x 10 
20 rpm 15 rpm 4 x i0 
85rpm 0rpm 1.2x10 3 
85 rpm 15 rpm 8 x 10 
All donors were grown to exponential phase with slow 
shaking at 20 rpm. 
Matings were carried out for 2 hrs at 37 ° C. 
Donor strain = ED2196(RP1) 
Recipient strain = JC3272 
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II. SEARCH FOR A HIGH FREQUENCY TRANSFER (HFT) RP1 
PLASMID. 
Even under optimal conditions the transfer frequency 
of RP1 in liquid matings was only 102 (see above). To 
facilitate a complementation analysis using transient he-
terozygotes carrying two transfer deficient mutants it 
was desirable to have transfer frequencies which ap-
proached 1; therefore, a search for high frequency of 
transfer (HFT) cultures of RP1 such as was done by Datta 
et al. (1971) with RP 14 and Olsen and Shipley (1973) with 
R1822 was embarked upon. Retransfer experiments similar 
to those used with RP4 and R1822 as well as mutagenesis 
followed by transfer experiments to find a mutant dere-
pressed for transfer and similar to Rldrd (Meynell and 
Datta 1967) were done. 
A. SEARCH FOR HFT CONDITIONS USING RP1. 
Retransfer experiments were done to look for condi-
tions which showed high transfer frequency of RP1 simi-
lar to those obtained using FInOP IncF plasmids (Meynell, 
Meynell and Datta 1968). Exponentially growing cultures 
of JC3272 and JC6256(RP1) were mated for 40 min in a 1:1 
ratio in a standing 37°C water bath. The donors were 
killed with U.V. irradiated T6 phages and the JC3272(RP1) 
transconjugants were allowed to express the transfer 
genes for 40 min at 37°C. Dilutions of this culture were 
plated out on minimal medium to select Tcr[Strn]  trans-
conjugants to test the donor frequency of the initial 
mating. The above mixture was also mated at the same 
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time in a 1:4 ratio with exponentially growing ED3818 in 
a 40 min cross from which dilutions were plated on mini-
mal selective medium for Tcr'[Nalr]  transconjugants. A 
control tube which had L-broth instead of JC3272 was run 
with each cross to test the residual donor ability of 
JC6256(RP1) after T6 killing. 
Retransfer frequencies were calculated by using the 
formula 
T2 - C 	where: Ti is the transfer frequency 
Ti between JC6256(RP1) x JC3272. 
T 2 is the transfer frequency 
between JC3272(RP1) x ED3818. 
C is the number of Tc r [Nalr  ] 
colonies from the control 
tube. 
The transfer frequencies between JC6256(RP1) x 
JC3272 averaged 10 3 . The retransfer frequencies aver-
aged 102 and so did not differ significantly from the 
wild type RP1 transfer frequencies. No HFT RP1 cultures 
were found which pointed to RP1 not being a repressed 
plasmid for transfer. 
B. SEARCH FOR A MUTANT OF RP1 DEREPRESSED FOR TRANSFER. 
The method used to obtain a mutant derepressed for 
transfer was as follows: JC6256(RP1) was treated with 
NTG andEMS (see Materials and Methods) and allowed to 
grow overnight at 37°C in L-broth. Thirty minute liquid 
matings in L-broth with the mutagenized cultures as do-
nors and JC3272 as recipient were made using a 1:1 donor 
to recipient ratio. Dilutions of the mating mixtures 
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were plated out on minimal medium to select Tc"[Str'] 
transconjugants in order to determine the transfer fre-
quencies of the mutagenised JC6256(RP1). Equivalents of 
10 iig/ml Tc and 200 ig/ml Str were added to each mating 
mixture and incubated overnight at 37°C to amplify the 
proportion of any mutant'with high transfer characteris-
tics which would initially have been present in very low 
numbers. On the following day 30-min crosses were made 
using the amplified JC3272(RP1) cultures as donors and 
ED3818 as recipients; Tcr[NalI]  transconjugants were 
selected. 
.JC3272(RP1) and ED3818(RP1) transconjugants from 
each mutagenesis were screened for the presence of the 
three RP1 antibiotic resistance markers and for their 
transfer frequencies. All showed transfer frequencies 
around 102 as did the unmutagenised RP1 and none had 
lost the antibiotic resistance markers: no HFT mutants 
of RP1 were found. These findings agreed with the find-
ings of Datta et al. (1971) for RPL and of Olsen and 
Shipley (1973) for R1822. RPL, R1822 and RP1 are very 
similar and possibly different designations for the same 
plasmid (see Introduction). 
Therefore, it was necessary to use wild type RPl for 
the analysis of the transfer function, overcoming the low 
transfer frequencies in broth matings by the techniques 
to be discussed below. 
65. 
III. ISOLATION AND CHARACTERIZATION OF TRANSFER DEFICIENT 
MUTANTS OF RP1. 
To be able to carry out a genetic study of the 
transfer function of RP1 a collection of transfer defi-
cient mutants was necessary. To this end cells carrying 
RP1 were mutagenised with EMS and NTG (see Materials and 
Methods) and Tra mutants of RP1 identified. These mu-
tants could then be used to do a complementatlon analysis 
of the transfer function. It was desirable to have a 
collection of Tra amber mutants which when in an appro-
priate Su+  host could be transferred into recipient cells 
which contained Tra mutants to make transient heterozy-
gotes as was done with F (Achtman, Willetts and Clark 
1971, Willetts 1972). 
A. GENERATION AND CHARACTERIZATION OF Tra MUTANTS OF 
RP1. 
To obtain transfer deficient mutants of RP1, 
ED134(RPl) was treated with EMS and NTG (see Materials 
and Methods). After mutagenesis the cells were diluted 
100-fold in L-broth and aliquots of 0.2 ml were incubated 
overnight in sterile microdilution plates at 37°C. The 
preparation of small aliquots immediately following muta-
genesis was used in order to ensure that the mutants 
which were found were not siblings. After incubation 
each of the aliquots was diluted 10 5 -fold and plated by 
the agar overlay method onto selective minimal plates 
which contained glucose and 10 ig/m1 Tc. A 2 ml soft 
agar overlay which just covered each plate was used to 
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ensure that the colonies could be replica plated after 
overnight incubation at 37°C. All plates were replica 
plated onto minimal plates containing 10 pg/ml Tc and 
200 tg/ml Str which had been spread with 0.1 ml of a 10-
fold concentrated overnight culture of JC3272 and incu-
bated overnight at 37°C. The replica plates were care-
fully compared to the master plates after incubation and 
any colonies on the master plates which apparently did 
not produce TcI'[Strr]  transconjugants were picked and 
streaked for single colonies on nutrient agar plates. 
Five colonies from each of these streaks were patched 
onto nutrient agar plates and after 6 - 8 hrs incubation 
at 37°C were replica plated onto minimal plates which 
were spread with JC3272 as before, selecting for Tcr[Strr] 
transconjugants. This was to ascertain that the putative 
Tra colonies were indeed transfer deficient in plate 
matings. 
Of approximately 15,000 colonies thus screened after 
EMS treatment no transfer deficient (Tra) mutants of RP1 
were found. To be sure that the EMS used was an effec-
tive mutagen, it was used to make Gal mutants of ED134. 
EMS was shown to be an effective mutagen in the production 
of Gal mutants of ED413I4 at a rate of approximately 0.1%. 
Since no EMS induced RP1 Tra mutants had been found, all 
further attempts to obtain Tra mutants with EMS were 
abandoned. The reason why EMS failed to produce Tra mu-
tants is unclear. 
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However, approximately 3 out of every 1000 colonies 
screened after NTG mutagenesis had lost the transfer 
function. All Tra mutants were streaked out a second 
time on nutrient agar and overnight cultures in L-broth 
were made from single colonies. These were tested for 
the presence of the resistance markers to Cb, Km, and Tc. 
One hundred Tra mutants were found from approximately 
35,000 colonies screened .(see Table 7, plasmids pED501 - 
pED600). Of these, 97 were Cbr Kmr Tc'. Two mutants 
were KmS  but  Tcr  Cb ' ; this could be due to either a 
double mutation or a deletion generated by the NTG. One 
mutant was CbS  but Km'' Tcr;  this was probably due to a 
double mutations and not to a deletion. A deletion from 
the transfer region into the Cbr  gene is unlikely because 
the region immediately to the left of the EcoRI site 
which lies between the Tral region and the Cbr  gene has 
been shown to be essential for plasinid replication or 
maintenance (Thomas, Meyer and Helinski 1980). On the 
other side of the Cb r  gene the Tc r gene which had not 
been affected is found between it and the Tra3 region. 
(See Fig. 1 for RP1 map). 
The quantitative transfer frequency for each Tra 
mutant was determined (see Table 7). Most Tra mutants 
were found to have transfer frequencies of less than 10 
compared to a transfer frequency of 102 to 10 	for the 
parental plasmid. One mutant had a transfer frequency of 
10-4 and a few others had transfer frequencies of around 
TABLE 7: CHARACTERISTICS OF NTG GENERATED TRANSFER DEFI- 
CIENT MUTANTS OF RP1 IN ED4134L 
- 
Tra Antibiotic RP1-specific b Suppres%d Transfer 
mutant resistance phage sensitivity by frequency 
number Cb Km Tc PRR1 Ff3 PR 14 Su1 	Su111 
pED501 r r r r r r - 	- <10 
pED502 r r r r r r - - <iO 
pED503 r r r r r r - 	- <10 
pED50 r r r r r r - - <10 
pED505 r r r r r r - 	- <10 7 
pED506 r r r r r r - - 
pED507 r r r r r r - 	- <10 
pED508 r r r s t s - - <10 
pED509 r r r r r r - 	- <i0 
pED510 r r r r r r - - <10 
pED511 r r r r r r + 	+ 
pED512 r r r r r r - + <10 
pED513 r r r r r r - 	- <10 
pED514 r r r r r r - - <10 7 
pED515 r r r r r r - 	- <10 	' 
pED516 r r r r r s + + <10-7  
pED517 r r r r r r - 	- 
pED518 r r r r r r - - <10 7 
pED519 r r r r r r - 	- 
pED520 r s r r r r - - <10-7  
pED521 r r/s r r r r - 	- <10 7 
pED522' r r r s t s - - <10 
pED523 r r r r r r - 	- <10 7 
pED524 r r r r r r - - <10 6 
pED525 r r r s t s - 	- <10 6 
pED526 r r r r r s - - <10 	6 
pED527 r r r r r r - 	- <10 6 
pED528 r r r r r r - - <10 6 
pED529 r s r r r r - 	- <10 	6 
pED530 r r r r r r + + <10 	6 
pED531 r r r r r r - 	- 
pED532 r i-/s r s t s - - <io_ 
pED533 r r r r r r - 	- <10 
pED534 r r r r r r + + 
pED535 r r r r r r - 	- <io 
pED536 r r r r r r. - - <io 
pED537 r r r r r r - 	- <io 
pED538 r r r r r r - - <10 7 
pED539 r r r r r. r - 	- <10-7  
pED540 r r r r r r - - <io 
pED541 r r r r r r + 	+ 
pED542 r r r r r r - - 
pED543 r r r r r r - 	- <10 
pED5 144 r r r r r r - - <10-7  
pED545 r r r s t s - 	- <10 7 
pED5 146 r r r r r r - - <10 7 
pED5 147 r r r r r r - 	- <10 	' 
M. 
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pED548 r r r r r r - 	- 
pED59 r r r r r r - - <iO 
pED550 r r r r r r - 	- <10 
pED551 r r r r r r - - <10 
pED552 r r r r r r - 	- <10 
pED553 r r r r r r - - <10 7 
pED554 r r r r r r - 	- 
pED555 r r r r r r - - <i0 7 
pED556 r r r r r r - 	- <10 
pED557 r r r r r r + + 
pED558 r r r r r r - 	- <10 
pED559 r r r r r r + + <io 
pED560 r r r r r r - <10 
pED561 r r r r r r - 	- 
pED562 r r r r r r + + <10 
pED563 r r r r r r - 	- <10 7 
pED56 11 r r r r r r - - <io 
pED565 r r r r r r - 	- <10_ 7 
pED566 r r r r r r - - 
pED567 r r r r r r - 	- <10 
pED568 r r r s t s - - 
pED569 r r r r r r - 	- <10-7  
pED570 r r r r r r - - 
pED571 r r r r r r - 	- <10 
pED572 r r r r r r - - <io 
pED573 r r r r r r + 	+ 
pED57 14 r r r r r r - - 
pED575 r r r r r r - 	- <10 
pED576 r r r r r r - - 
pED577 r r r r r r - 	- 
pED578 r r r r r r - - 
pED579 r r r r r r - 	- 
pED580 r r r r r r - - .10 
pED581 r r r r r r - 	- 
pED582 r r r r r s - - <10 7 
pED583 r r r r r r - 	- <10 
pED58 11 r r r r r r - - <10 7 
pED585 r r r r r r - 	- <10 
pED586 r r r r r r - - 
pED587 r r r r r r - 	- <10 
pED588 r r r t t t - - 10 
pED589 r r r r r r - 	- 10 -1 
pED590 r r r r r r - - 10 
pED591 r r r s t s - 	- 
pED592 r r r r r r - - 10 -1 
pED593 r r r r r r - 	- <10 
pED59 14 r r r r r r - - <10 7 
pED595 r r r r r r - 	- <10 	' 
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pED596 r r r r r r - 	- 10-5 
pED597 s r r r r r - - <io 
pED598 r r r r r r - 	- <io 
pED599 r r r r r r - - 10_ u 
pED600 r r r s t s - 	- <iO 
pED601 r r r r r s - - <io 
pED602 r r r s t S - 	- <io 
pED603 r r r r r s - - <10 
pED60 1 r r r r r r + 	+ <10 
pED605 r r r s t s - - <10 
pED606 r r r r r r + 	+ <10 
pED607 r r r r r r + + <10 
pED608 r r r s t s - 	- <10 
pED609 r r r s t s - - 10 6 
pED610 r r r s t s - 	- 10 
pED611 r r r r r r + + 
pED612 r r r s t s - 	- <10-7  
pED613 r r r s t s - - <10 
pED61J4 r r r s t s - 	- <10 
pED615 r r r r r r + + 
pED616 r r r s t s - 	- 
pED617 r r r r r r - + <10 
pED618 r r r r r r + 	+ <10 7 
pED619 r r r r r r + + <10 
pED620 r r r r r t + 	+ <10-7  
pED621 r r r s t s - - <10 
pED622 r r r s t s - 	- 
pED623 r r r s t s - - 
pED62 11 r r r s t s - 	- <10 
pED625 r s r s t s - - <10 
pED626 r r r r r r + 	+ <10 
pED627 r r r s t s - - 106 
pED628 r r r t t t - 	- 
pED629 r r r s t s - - 10 6 
pED630 r r/s r s t s - 	- 
pED631 r r r s t s - - <i0_ 
pED632 r r r r r r + 	+ <10 
pED633 r r r t t s - - <10 
Legend: ar = resistant to antibiotic; s = sensitive to an- 
tibiotic; r/s = resistant to 10 ig/m1 Km but sen- 
sitive to 20 31g/ml Km. 
br = resistant to phage; s = sensitive to phage 
with clear spot or plaque; t = sensitive to phage 
with turbid spot or plaque. 
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RP1 codes for sensitivity to several plasmid speci-
fic phages which adsorb to the F-i pilus (see Introduc-
tion). The Tra mutants were therefore tested for sen-
sitivity to three such phages, the RNA phage PRR1, the 
single-stranded filamentous DNA phage Ff3 and the double-
stranded DNA, lipid-containing phage PRL. 
Ten microlitres of broth containing 10 5 pfu of PRR1, 
5 x 10 7pfu of Ff3 or 10 3pfu of PR 14 were spotted onto a 
bacterial lawn of each mutant which had been made on LC 
agar plates using the soft agar overlay method. The num-
ber of plaque forming units required for each phage to 
produce a spot of lysis on the lawn had previously been 
arrived at by spotting 10 iii allquóts of dilutions of 
each of the phage preparations onto a lawn of ED4134(RF1). 
Fhages PRR1 and PRL gave clear spots but Ff3 always pro-
duced turbid spots on the E. coli lawn. 
The mutants fell into three phenotypic groups on the 
basis of their sensitivity to the plasmid specific pha-
ges: (I) mutants resistant to all three phages tested, 
(II) mutants resistant to FRR1 and Ff3 but sensitive to 
PRL, and (III) mutants sensitive to all three phages tes-
ted. Eighty-seven of the 100 Tra mutants were completely 
resistant to all three phages and therefore belonged to 
Group I. Ten mutants were completely sensitive to the 
three phages and belonged to Group III; however 2 of 
these 10 gave turbid spots with all three phages and one 
of these had a relatIvely high transfer frequency (10). 
The remaining 3 Tra mutants were sensitive to phage PR14 
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but resIstant to phages PRR1 and Ff3 and belonged to 
Group II. (See Table 7, plasmids pED501 - pED600). 
B. AMBER MUTANTS. 
Complementation analysis using transient heterozy-
gotes similar to those used to analyse the F transfer 
system (Achtman, Willetts and Clark 1972) was envisaged. 
To facilitate the formation of transient heterozygotes in 
conjugation complementation experiments, amber Tra mu-
tants which could be transferred from a Su+  strain into 
another strain which contained a second Tra mutant were 
desirable. Therefore, all the Tra mutants were screened 
to see if they carried amber mutations. To do this the X 
transducing bacteriophages NMX599 and NMX610 containing 
+ 	V. 	+ 
the Su1 and Su111 regions respectively of the E. coli 
chromosome were used (Borck et al. 1976). Ten million 
plaque forming units of NMX599 or NMX610 in L-broth were 
added to the Tra mutant in ED4134 grown to exponential 
phase in L-broth, and incubated at 37°C for 1 hr in order 
for the suppressor gene to be expressed. As a control 
wild type RP1 was treated in the same way as the Tra mu-
tants. A further control was used in which L-broth in-
stead of NMX599 or NMX610 was added to each of the Tra 
mutants and to RP1 so that any residual transfer could be 
detected in the case of the Tra mutants and so that the 
killing effect of the A phages could be determined in the 
case of the RP1 plasmid. At the end of the hour's incu-
bation, the A-infected ED 1413 14 strains were mated in a 1:10 
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r irnm ratio with the A A 	strain JC3272 in exponential phase 
for a further 2 hrs. At the end of incubation the mating 
mixtures were plated on minimal agar plates to select for 
Tc " [Str" ] transconjugants of JC3272. Transfer of RP1 
from the tubes containing NMX599 or NMA610 showed a2-
fold decrease in Tcr[StrI']  transconjugants of JC3272 corn-
pared to those from the uninfected RPi;theréfore, A in-
fection did not seriously reduce RP1 transfer frequency. 
Ten of the 100 Tra mutants initially screened were found 
to be amber suppressible by this method. These did not 
include any of the Tra mutants which were sensitive to 
all 3 plasmid specific phages, although one of the 10 
amber mutants was PRR1 r  Pf 3 r PRLs  
+ 
All the amber mutants were transferred into the Su 1 
JC6255 and the Su111+  JC6650 suppressor strains of E. 
coliK-12 from the ED 14134 derivatives that had been infec-
ted with NMA599 and NMX610. The amber Tra mutants were 
found to regain sensitivity to the RP1-specific phages as 
well as transfer proficiency either in the Su1+  strain 
JC6255, in the Su111+  strain JC6650 or, in most cases, in 
both (see Table 8). 
Because no amber mutants were found amongst the Tra 
mutants sensitive to the 3 RP1-specific phages, another 
50,000 colonies of NTG-mutagenized ED141314(RP1) were 
screened. Only those mutants which were sensitive to PR11 
or to all 3RP1-specific phages, and those which had 
amber mutations were kept. These mutants (pED601 - 
pEIJ633) are described in Table 7. None of the additional 
7 )4 
TABLE 8: SURFACE EXCLUSION INDICES AND TRANSFER FREQUEN-
dES OF AMBER Tra MUTANTS. 
Transfer frequencies from: 	 Surface 
+ 	 + 	exclusion Plasmid 	Su ED 1413 14 	Su1 JC6255 	Su111 JC6650 index 
pED511 <1 x lO 7.9 x 10 8.5 x 1.5 
pED512 <1 x 10-7 <1 x 10 	7 5.8 x 10 2 2.3 
pED516 <1 x 10 1.4 x 10 2 2.2 x 10 2 1.1 
pED530 <1 x 10 2.8 x 10 2 2.8 x 10 2 1.1 
pED53 14 <1 x 106 7.8 x 10 8 x 10 2.7 
pED5 141 <1 x 10 	7 4.2 x 9 x 10 n.d. 
pED557 <1 x 10-7 7.2 x 1.9 x 10 2 22.8 
pED559 <1 x 107 3 x 104 8.5 x 10 : 2 24.1 
pED562 <1 x io 1.3 x 10 2 2.1 x 102 27.2 
pED573 <1 x 10-7 1.2 x 10 7.4 x 10 	2 5.1 
pED604 <1 x 10 7 x 10-4 3 x 10 2.5 
pED606 <1 x 10 	7 2 x 10-4 7 x 10 2.0 
pED607 <1 x 10 7 1.3 x 10: 2 1.5 10:2  1.9 
pED611 <1 x iO 2.5 x io 3.6 x 2.2 
pED615 <1 x 10 7 1.5 x i_ 1.6 x 58.7 
pED617 <1 x 10 <1 x 5 x 10 11.9 
pED618 <1 x 1.9 x 2.2 x 10.8 
pED619 <1 x 8 x i 8.1 x 46.5 
pED620 <1 x 10 1.2 x 10 _ 2 1.3 x 10 	2 148.3 
pED626 <1 x 10-7 1.6 x 10 2 3.8 x 102 177.0 
pED632 <1 x iO 1.5 x 106 7 x 31.1 
RP1 1.2 x 10 2 1.1 x 102 8.9 x 10 3 92.9 
n.d. = not done 
Surface exclusion indices are averages of 2 determinations. 
JC6650(R751) was used as the donor in the surface exclu-
sion experiments. 
JC3272 was the recipient and/or recipient host in all the 
experiments above. 
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11 amber Tra mutants found were sensitive to the 3 plas-
mid-specific phages, even though the 33 mutants included 
20 which were sensitive to the 3 phages. 
The lack of amber mutants among the 30 Tra mutants 
found which were sensitive to all 3 plasmid-specific 
phages was surprising, especially compared to the pre-
sence of 2 amber mutants which were PRRl' pf3r PR4 S out 
of only 6 mutants showing this phenotype. The reason for 
the lack of Tra amber mutants among the phage sensitive 
Tra plasmids is unclear. 
C. SURFACE EXCLUSION INDICES OF Tra MUTANTS. 
In studies of the F conjugation system some Tra mu-
tants were found to be surface exclusion (Sfx) deficient 
indicating some form of genetic relationship between 
these two functions (see Introduction). The possibility 
therefore existed that some of the RP1 Tra mutants might 
be wholly or partly Sfx. In F, the Sfx genes were found 
to form part of the operon which is responsible for 
transfer (Achtman et al. 1980 and Introduction). If Sfx 
was part of the transfer function in RP1 as was the case 
in F, some of the Tra mutations could be polar and af-
fect the reading of Sfx gene(s) or mutations of Sfx could 
be polar for tra genes downstream from Sfx; therefore, 
they would have a Tra Sfx phenotype. Surface exclu-
sion indices of a representative number of Tra mutants 
were tested. 
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The Sfx indices of the suppressible Tra mutants and 
of a representative number of those retaining sensitivity 
to PR 14 or all 3 of the RP1-specific phages were deter-
mined using the trimethoprim (Tp) resistant plasmid R751 
(Jobanputra and Datta 1974) as donor. JC6650(R751) was 
grown to exponential phase in L-broth and mated in a 1:10 
ratio with exponentially growing JC3272, JC3272(RP1) and 
JC3272 containing the various RP1 Tra mutants being tes-
ted. Optimal mating conditions as established above were 
used. 
Of the 8 plasmid-specific phage sensitive RP1 Tra 
mutants whose Sfx indices were determined only one showed 
more than a two-fold loss of Sfx expression when compared 
with the wild type RP1 Sfx index of 100. Two of these 
had significantly greater indices. Four RP1 Tra mutants 
tested for expression of Sfx had the PRRlr Pf3 r  PR/phe-
notype; one of these showed a greater than 10-fold loss 
of Sfx, the other three either fully expressed Sfx or had 
no more than a 2-fold loss of expression. Of the 18 RP1-
specific phage resistant amber Tra mutants tested, 11 
showed 10-fold or greater loss of Sfx expression. Of the 
other 7 amber mutants tested 6 showed 2- to 14-fold loss 
of Sfx and one fully expressed the characteristic. The 
high:rate of loss of the Sfx function amongst Tra point 
mutants may be due to polarity of the mutations. This 
high rate points to a probable link between the two func-
tions as was found in F. (See Tables 8 and 9). 
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TABLE 9: SURFACE EXCLUSION INDICES OF SELECTED MISSENSE 











pED522 s t s 149.9 
pED525 s t s 140.9 
pED532 s t s 50.3 
pED5 145 s t s 62.9 
pED568 s t s 100.2 
pED582 r r s 57.5 
pED588 t t t 13.9 
pED591 s t s 148.5 
pED600 s t s 5820.0 
pED603 r r s 658.0 
RP1 s t. .s 92.9 
JC6650(R751) was used as the donor in the surface exclu-
sion experiments, and JC3272 as the recipient host. 
SurTace exclusion indices are averages of 2 determinations. 
= sensitive to phage with clear lysis 
r = resistant to phage 
t = sensitive to phage with turbid spots or plaques. 
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D. INSERTION OF PHAGE Mu INTO RP1 PLASMID. 
Upon lysogenization phage Mu has been shown to in-
sert its genome into random sites on the E. coli chromo-
some (Taylor 1963, Bukhari and Zipser 1972, Daniell, Ro-
berts and Abelson 1972). Figurski et al. (1976) found 
that Mu could be used to lysogenise plasmid RK2 randomly 
in about LO% of the RK2 genome, therefore it was reason-
able to expect that Mu could be used to lysogenise RP1 
which is closely related to RK2 and may even be the same 
plasmid (see Introduction). Mutations have been shown to 
be caused by bacteriophage Mu insertion (Taylor 1963, 
Daniell, Roberts and Abelson 1972) and with this in mind 
it was hoped to use Mu lysogenization to produce RP1 Tra 
mutants. Should Mu insert into Tra, the insertion(s) 
could be physically mapped for its/their location(s) on 
the RP1 genome and be complemented by at least some of 
the Tra point mutants to begin ordering the tra genes. 
Mu insertion could also cause polar mutations into the 
transfer regions which could help determine the direction 
in which the Tra regions were being read on the RP1 ge-
nome. 
In common with other phages, i.e. 'X, the repressor 
protein has been shown to be coded by a C gene. Tempera-
ture sensitive mutations in the c gene allow the phage to 
express its lysogenic properties at 32 ° C but when the 
temperature is raised to 142 ° C the c gene can no longer 
repress the lytic function so that the phages entered the 
lytic cycle (Howe and Bode 1975, Bukhari 1976). Heat in- 
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ductiori of an F' : :Mu 5  lysogen has been shown to cause 
damage to the F' in such a way that its transfer was se-
verely depressed (Schr6der and van de Putte 197 14). In 
1975, Razzaki and Bukhari showed that induction of the 
lytic cycle caused actual damage to the adjacent host DNA 
sequences; therefore, it was hoped that by using a MUcts 
phage to induce RP1::Mu lysogeny, some of these lysogens 
could be used to make RP1 Tra deletions by induction of 
the phage, and so be able to further order the tra genes. 
Phage stocks of Mucts  were prepared from the Mut5 
lysogenic strain MC8708 by thermoinduction (see Materials 
and Methods). The MuS  strain ED3814 was used as an indi-
cator to determine the pfu/ml of each preparation. Ther-
moinduced plate lysates yielded low titres so were not 
used. It has been reported that Mu phage lysates can 
lose their infectivity quickly (Casadaban and Cohen 1979), 
and this proved to be true in our hands; therefore, stocks 
were used shortly after they were made. 
To make RP1::Mucts  the phage was spotted onto an 
ED41314(RP1) lawn as described in Materials and Methods 
and by Casadaban (1975). Colonies which grew within; the 
spots of phage induced lysis were purified and tested for 
phage induction by growing at. 32 ° C then raising the tem-
perature to L2 ° C for 15 to 20 min followed by a period of 
incubation at 37 ° C. RPl::Mu5 lysogens were obtained 
from separate phage spots to avoid siblings, and were 
tested for RP1 transfer and presence of the Cb" Km' Tc" 
markers and sensitivity to the plasmid-specific phages. 
All of the lysogens were Tra+  with transfer frequencies 
of 102, retained all three antibiotic markers and were 
sensitive to the RP1-specific phages. 
Although Mu was shown to be capable of random inte-
gration into RP1 (see Fig. 4) none of the Mu lysogens 
were in the transfer regions of RP1. Figurski et al. 
(1976) were able to show integration of Mu into approxi-
mately 40% of the RK2 genome which encompasses a region 
somewhat larger than, but including the transfer regions 
of RK2, but like the RP1::Mu lysogens, none of their 
RK2::Mu lysogens were Tra. 
To locate the site of insertion of Mucts  into RP1, 
plasmid DNA was prepared from 7 of the RP1::Mucts  lyso-
gens and from RP1 (see Materials and Methods). RP1 has 
single EcoRI and Hindlil sites (Grinsted, Bennett and 
Richmond 1977) and Mut5  has two asymmetrically located 
EcoRI and Hiridill sites (Allet and Bukhari 1975). Phage 
A cleaved with EcoRI was used to give fragment size 
standards on 0.7% agarose gels (see Fig. 3). The sizes 
of the EcoRl/Hindill generated fragments of each RP1::Mu 
lysogen was calculated. RP1 has been shown to yield a 
36 Kb (25 Md) and a 22 Kb (13 Md) fragment when digested 
with EcoRI and Hindill. The sizes of the EcoRl/Hindlil 
generated fragments for each lysogen and for RP1 are 
listed on Table 10. 
The probable locations of the Mu insertions have 
been calculated from the information in Table 10 (see 
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FIGURE 3: 0.7% AGAROSE GEL OF EcoRl/Hindill CLEAVED 
RP1: :Mu5 LYSOGENS. 
Track 1: pED638 
Track 2: pED60 
Track 3: pED6 142 
Track : pED6 143 
Track 5: uED644  
Track 6: pED6 145 
Track 7: pED646 
Track 8: RP1 
Track 9: A DNA, the first band is a partially 
digested fragment of A. Fragment sizes of 
A are marked by arrows and measurement is in 
kilobases. 
WE 
TABLE 10: MOLECULAR WEIGHT OF EcoRl/Hindlil GENERATED 
FRAGMENTS FROM DIGESTS OF RP1::Mu5  LYSOGENS. 
Plasmid EcoRI/Hindill fragments in Kilobases 
pED638 34 29 18.2 7.7 14 2.8 
pED640 32 22 18.2 9 14 2.8 
pED642 36 25 18.2 10.7 4 2.8 
pED6 243 36 
195a 18•2a 15.8 14 2.8 
pED644 36 25 18.2 11 14 2.8 
pED6 145 36 29 18.2 6.4 14 2.8 
pED646 39 22 18.2 14 2.8 2.7 
RP1 36 22 
EDX7 23.6 9.6 6.8 14.3 2.3 2 
aThese two bands show up as a large broad double band on 
0.7% agarose gels - see Fig. 2. 
and since the EcoflI and Hindill sites on Mu are asymmet-
rically located the two alternative insertIon sites for 
each could be determined using double digest (see Fig. LI). 
DNA preparations of these lysogens yielded very small 
amounts of RP1::Mu cts  plasmid DNA and time did not allow 
for the preparations of additional RP1::Mucts  DNA and the 
additional endonuclease analysis necessary to determine 
at which of the two possible Insertion sites each RP1 
lysogen had Mu Inserted. 
pED646 and pED640 had insertions into the 36 Kb frag-
ment. The Mu prophage in plasmid pED640 was probably in-
serted at Kb 19.5 and not at Kb 5.5 since this latter in-
sertion would have disrupted the -lactamase gene and 
the plasmid was Cbr.  The insertion of Mu at Kb 19.5 
would make pED6 1 0 useful for cloning either the Tral Kmr 
Tra2 region by using EcoRI or the Tra2 region by using 
Hindill. The Tra3 region is located between the Mu in-
sertion and the Tcr  region at ..18 - 18.5 Kb (Barth 1979, 
Thomas 1981). 
The Mu prophages in pED6 142 and pED644 were located 
immediately adjacent to the Tral region in the 22 Kb 
EcoRl/Hindlil fragment. Determination of the direction 
of the Mu insertion would show on which side of the region 
the insertions were located. These two plasmids would be 
useful to obtain deletions into the Tral region by select-
ing for RP1 Tra survivors at 142°C. These RP1 Tra de-




















Hindill 	 I-iindIU 
1Kb 	 2.8Kb 
,j4J(b 	18.2Kb 	 '& I 10Kb 
Mp. 
EcoRl 	 EcoRl 
FIGURE 4: INSERTION SITES OF Mu INTO RP1 FOR THE RP1: 
:Mut 5_LYSOGENS. 
The arrows across the site markers for inser-
tions indicate the direction of MuDNA inser-
tion as shown. 
Endonuclease, Km", Tcr,  and Cb locations were 
calculated from RP1 map (Grinsted, •Bennett and 
Richmond 1977). 
Locations of Tral, Tra2 and Tra3 were estima-
tions for RP1 in relation to the HindII site 
from the RP4 maps (Barth, Grinter and Bradley 
1978, Barth 1979). 
pED638, pED643 and pED65 were also located in the 
22 Kb EcoRl/Hindlil fragment, but at some distance from 
the Tral region. 
1V TRANSIENT HETEROZYGOTE COMPLEMENTATION STUDIES. 
The best studied conjugation system so far is that 
of the F plasmid. Transfer deficient mutants of an F-
prime (Flac) were used to perform basically classical 
complementation analysis, though due to the incompatibi-
lity of the Tra mutants being tested a major problem was 
the construction of strains carrying both mutants. One 
of the methods used to overcome this problem was the use 
of transient heterozygotes (Achtman, Willetts and Clark 
1972, Willetts and Achtman 1972, Willetts 1973). In this 
method the donor Tra mutant was introduced into an in-
termediate host which contained the second Tra mutant, 
either by conjugation from an amber Tra mutant in a Su+ 
strain, or by phage mediated transduction. When a Su+ 
donor strain was used the cells were removed by killing 
with T6 phage to which the lntertnediate host was resis-
tant. After a period of time to allow for the expression 
of the transfergenes, the intermediate host was mated 
with a final host which was also resistant to the phage 
used for killing the donors. Selection for final recip-
ients carrying Flac was done on minimal selective mediwTi. 
When phage mediated transduction was used, P1 donor 
phages were prepared by growing on Tra hosts. These P1 
transducing phages were used to infect intermediate hosts 
containing a second Tra mutant, and after a period of 
time to allow for the expression of the transfer genes, 
the intermediate hosts were mated with a Plr  final recip-
ient. Selection for final recipients of Flac was done 
on minimal selective medium (Willetts and Achtman 1972). 
Similar complementation analysis to those described 
above were envisaged for the Tra RP1 mutants described 
in section III, B. 
A. ATTEMPTS TO MAKE PHENOCOPIES OF RPI AND RP1Tra 
MUTANTS. 
in order to establish transient heterozygote cells 
using amber Tra mutants in a Su+  host as donors it was 
necessary to minimize the effect of surface exclusion in 
the recipient cells which contained a second Tra mutant. 
In 1952 Lederberg, Cavalli and Lederberg reported that it 
was possible to cause F+  cells to show no Sfx by growing 
with vigorous aeration into late stationary phase. These 
cultures had no F pill (Brinton 165). Starvation of the 
F+ cells was also shown to bring about a loss of phi and 
of the Sfx characteristic (Curtiss et al. 1968). 
To establish whether RP1 could be made to show an 
Sfx phenotype, various approaches were tested. RP1-85, 
a mercury resistant (H gr) KmS RP1 derivative which had 
the transposon, Tn501, inserted into the kan gene of RP1 
(Stanisich, Bennett and Richmond 1977) in JC6650 was used 
as donor. JC3272 and JC3272(RP1) were used as recipients. 
The donors were always in exponential phase but the recip-
ients were used in exponential or various stages of sta-
tionary phase depending on the size of the original mo-
culum from a fresh overnight culture used to inoculate 
these cultures. All of the 18-hr stationary phase cul-
tures were either incubated in a shaking or a stationary 
[•1s] 
37 ° C incubator. Both L-broth and minimal liquid medium 
with glucose were used to grow the recipients for these 
experiments. 
Growing. RP1 cultures in a nutrient medium whether to 
exponential or stationary phase, with or without aeration, 
did not affect the Sfx expression of the plasmid. How-
ever, growth in minimal medium produced a 100-fold reduc-
tion in the expression of Sfx. This was even more marked 
when the cultures were not aerated and a relatively large 
inoculum of a fresh overnight culture in L-broth was used, 
that is, when the culture was in late stationary phase 
(see Table 11). 
After examining the above results it was decided 
that the RP1Tra intermediate recipients for the transient 
hetero zygote experiments would be grown by inoculating 
0.1 ml of an L-broth overnight culture into 1 ml of mini-
mal liquid medium with glucose and incubation would be 
for 18 hrs in a stationary 37°C incubator. 
B. QUANTITATIVE COMPLEMENTATION OF AMBER Tra MUTANTS. 
The first attempts at using transient heterozygote 
techniques were done using selected amber Tra mutants in 
a T65 SU+  host strain as donors and in a T6r Su strain 
as intermediate recipients, basically following the tech- 
nique used by Achtman, Willetts and Clark (1972) described 
above. A Tra+  control was needed to compare with the re- 
sults of the Tra complementations and to complement with 
the Tra mutants. The RP1 derivative As58 (Baumberg 1976) 






overnight Medium . 
.Condi- 
tions of 
growth' .. ...... 
Transfer 
'.' ..... .. 
. 	b Surface exclusion 
Index. 
JC3272 expo. L-broth 1.5 x 10T 2 i'.o 
sta. L-broth 1.2 x 10.2 1.0 
expo. minimal 9.11 x l0.2 _ 1.0 
sta. minimal 2.5 x 10 1.0 
JC3272(RP1) expo. L-broth 6 x loT 5 2.50.0 
sta. 0.001. ml it shaken 9 x 10 133.0 
if 0.01 ml H 1.2 ,x 100.0 
0.1 ml 14.. x 10 2110.0 
0.00.1 ml standing 2.1 x 10-4 57.0 
0.01 ml U 1.1 x lOTk 109.0 
0..1 ml 5 x 10 2110.0 
from slant 8.. x lOT 5 150.0 
0.00,1 ml minimal shaken 1.9 x 10 1.3 
0.01 ml if it 1.4 x 10 1.8 
0.1 ml it IT  8 x 10 3.1 
11 0.001 ml if standing 3.2 x l0 0.78 
0.01 ml 2.3 x 10 1.09 
0.1 ml 7.11 x iü 0.34 
.from'.slänt. .. 	 . ." 	 ....... . 	.". 	.......... .2...6'.x .10 	................. .9.6 
aJC6650(RP1_85) was used as donor in all of the above determinations. Mating periods were 
of 2 hr duration. 
bSurface exclusion indices were calculated using the corresponding JC3272 recipient with 
similar medium and growth phase as having an index of 1. 
i1 
which is sensitive to Cb concentrations greater than 
500 ig/ml but otherwise appeared to behave in. the same 
way as RP1, was used as a Tra+ control. The expression 
of the Tra 
+ characteristic of As58 was expected to corn-
plement the tra mutations of the RP1 mutants and these 
in turn would be inherited by the final recipient giving 
Cbr transconjugants when 1000 ig/m1 Cb was used to select 
for them. 
Sfx phenocopy:cultures of T6r Strr JC32723 
JC3272(As58) and JC3272(RP1tra) were made and could be 
kept on ice for up to 5 hrs without loss of the phenocopy 
characteristic, to use as intermediate recipients. Just 
prior to use these were diluted 1:5 with L-broth so that 
the cell concentrations were approximately 2 x 10 8 /ml. 
The T65 Su111+  strain JC6650 was used as donor host for 
As58 and for the RPltI'am mutants. Exponentially grow-
ing JC6650, JC6650(As58) and JC6650(RP1tI'8. am ) donors 
were mated in a 1:1 ratio with the diluted phenocopy in-
termediate recipient cultures and incubated for 1 or 2 
hrs at 37°C in a standing water bath. T6 phage were ad-
ded at the end of the mating period and a 20-min killing 
period was allowed to kill the Su+  donors. L-broth was 
added to replace some of the nutrients used by the cells 
during the mating period and allow growth of the inter-
mediate hosts to take place as well as expression of the 
tra genes. 
Parallel experiments with these were carried out in 
which no time for expression of the tra genes was allowed 
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before adding the T6r  Str" Nair final recipient ED3818, 
or in which 1 hr incubation at 37°C in a standing water 
bath was allowed for expression of the tra genes before 
the addition of ED3818 in a 1:10 ratio. Mating mixtures 
were plated at 1, 2, 3, 4 and 18 hrs after addition of 
ED3818 to select for Cbn[Nalr] transconjugants. The long-
er periods were used to see if more transconjugants 
could be detected by allowing a population of Cb " trans-
conjugants in the final recipient to be generated as well 
as allowing the intermediate recipients to transfer com-
plemented Tra plasmids as long as possible. (See Table 
12). 
As can be seen from the results in Table 12, the 
longer incubation periods did not significantly increase 
the number of Cbr transconjugants when two Tra mutants 
were used as the participants in the transient heterozy-
gote. The number of transconjugants was also somewhat 
lower when a period of tra gene expression was allowed 
after the mating of the Su+  donor host with the interme-
diate recipient. Therefore, the following procedure was 
adopted: the donors in the Su+  host strain were incuba-
ted with the Tra mutants in the intermediate recipient 
host strain for 2 hrs and killed with phage T6. Following 
phage T6 killing of the Su donors, the final recipient 
was added in a 1:10 ratio and the mixtures were incubated 
for 2 hrs at 37°C, in a standing water bath before plating 
out to select for Tcr[Strr Nal'] transconjugants. When 
As58 was one of the participants in the transient hetero- 
TABLE 12: PARALLEL TRANSIENT HETEROZYGOTE COMPLEMENTATION EXPERIMENTS TO DETERMINE OP.TIMAL 
Initial Expres• 	 FINAL MATING PERIOD 
Reci'0 mating 	sion - DonorsC 	1 hour 	DonorsC 	2 hours 	- DonorsC 	3 hours 






hours 	- Donors C 	18!hours 
pED534 R 	ks58 pED516.pED534 
R lhr none 0 .0 0 0 0 0 3 010 0 3 0 0 0 12 0 0 0 I 0' 
lhr 0 0 0.. 0 0 0 '0 1 0 0 5 0 Q 0 0 1 0 0 7j 0 
2hrs none 0 0 0 0 0 0 6 9 0 0 0 1 0 0 0 9 0. 0 161 5 
'lhr 0 0 0 0 0 0 7 0 0 0 0 0 0 0 3 0 '0 0 20 0 
As58 1 hr none 0 0 1 0 O 0 14 14 0 0 12 9 0 0 23 18 0 0 40 21 
it lhr 0' 0 14 0 0, 0' .3 2.. 0 0 3 8 0' 0 6 14 .0 0 35 15 
2 hrs none 0 0 5 1 0 • 	0 11' 13 '0 0 95 12 0. 0 105 18 0 0 121 19 
lhr 0 0 3. 2 0 0 10 6 0 0 30 10 0 0 55 15 0 0 85 15 
pED516 1 hr none 0: 0 0 7 Q : 	10 0 115 1 38 0 21 0 50 1 15 .0 65 5 25 
1 hr 0 . 	18 0 5 0 25 4 12 1 35 1 22 
4 44 2 10 10 61 6 21 
2 hrs none 0 32 0 9 0 75 0 20 0 102 0 28 1 115 1 23 4 152 25 . 32 
1 hr 0.  13 0 4 g 60, 3 15 1 75 5 18 3 81 4 20 .7 95 . 	18 28 
pED534 1 hr none 0 . 	0 0 0 0 41 0 7 	- 0 	' 81 0 0 0 92 35 1 0 100 , 41 1 
1 .hr 0 0 3 0 1 . 	30 12 1' 0 115 15 0 0' 59 29 1 h1 75 33 	, . 	0 
2 hrs none 0 7 5 0 9 72 13 1 	1 0 198 51 2 0. 195 68 3 .0 210 714 3 
'.".. .I'hr. 0:.: .4 . 	10 0. 0 41 37, 1 0 95 43 1 0: 115 51 . 	0 0 180 .7I. 1 
aAll recipient plasmids were in the Su T6r strain JC3272. 
bFinal recipient strain was ED3818 and selection was for Cbr'[Na lI' Strn] transconjugants. 
cAll plasmid donors were in the Su111 + T6S strain Jc6650. 
These results reflect average transconjugants in 0.5 ml from 2 	teats. 
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zygote, selection was for CbI'[St rr Nair] transconjugants. 
For results of these experimets see Table 13. 
From the data in Table 13, the 9 amber Tra plasmids 
tested could be grouped as follows: 
Group I 	pED511, pED512 
Group II 	pED516, pED557 
Group III 	pED53 14, pED559, pED562 
Group IV 	pED51, pED573. 
Plasmids pED541 and pED573 could possibly have polar mu-
tations which did not allow expression of the tra genes 
downstream from the mutation or could be mutations affec-
ting a promoter necessary for the expression of transfer 
genes since neither of these plasmids were complemented 
by any of the tra mutants tested. Plasmids pED516 and 
pED557 differed in their plasmid-specific phage sensitiv-
ity patterns even though they appeared to be in the same 
complementation group. This could be due either to the 
strong polarity of one of the mutations or to theproduct 
of the gene having a dual role such as was postulated for 
traG in F; traG mutants with two different types of plas- 
mid-specific phage sensitivities were identified (Willetts 
and Achtman 1972). 
Some plasmids showed comparatively large numbers of 
transconjugants even when crossed with an intermediate 
host which contained the same mutant (i.e. 'pED557, pED559, 
pED562). A posib1e explanation of this was that the mu-
tation decreased the expression of the gene to such an 
extent that not enough copies of the product were present 
TABLE 13: TRANSIENT HETEROZYGOTE COMPLEMENTATION OF AMBER Tr'a R?1 MUTANTS. 
Recipients Donors in JC6650 a 
In JC3272 . B As58 pED51I pED512"pED516.pED53 14. pED5.LLL.pED.5.57'pED559 ED56.2'.pED57.3 b 
''0 0 29 13 17 .3 17 0. 1 25 5 
As58 0 0 70 22 184 24 24 388 110 91 8 
pED511 0 26 31 16 3 13 2 162 190 . 152 13 
pED512 14 22 1 1 156 1 1 112 . 128 39 14 
pED516 3 180 16 60 .... 2 15 3 96 150 170 25 
ED5314 14 32 14 35 7 144 .  • 0 70 108 66 14 
pED541 0.161 29 15 13 1 '"0 54. 109 36 2 
pED557 0 193 143 33 20 19 0 '73 96 111 11 
pED559 0 196 63 9 "4 4 0 97 ... ..149 106 9 
pED562 0 135 54 9 16 6 3 71 175 '''102 9 
pED573b . 0 .206 	. .9 . 	 .0 	....1.1 . 	 ': 14 	........................ 6 . 	 .38 
Final recipient was ED3818 and selection was for Cbr[N al' Strr] transconjugants. 
aAverage number of colonies/U.. 5 ml of five complementation tests.. 
bAverage number of colonies/0.5 ml of three complenientation tests when pED573 was used. 
in the cell when these plasmids were present by themselves 
in the host; therefore, little or no transfer could occur. 
But when the number of product copies was increased by 
the presence of two copies of the mutated gene in the 
transient heterozygote, transfer of the mutant was detec-
table. 
The numbers of transconjugants from the complementa-
tion studies were generally low. This was probably be-
cause the transfer frequencies of RP1 were low (10 2 ) 
even when using optimal conditions and transient hetero-
zygote complementation required two such transfers in 
tandem, as well as the expression of complementary genes. 
Therefore, the highest transfer frequencies that could be 
expected were in the neighbourhood of lO. 
C. QUALITATIVE TRANSIENT HETEROZYGOTE COMPLEMENTATION 
TEST. 
Since RP1 appeared to transfer efficiently on solid 
media and the efforts to use the transient heterozygote 
complementation method of Achtman, Willetts and Clark 
(1972) were not satisfactory, a replica-plate mating 
method for the detection of complementation was devel-
oped. This method used transient heterozygotes as well, 
but all matings were carried out on solid media. Nali-
dixie acid (Nal) was used to kill the NaIS Su donors and 
stop them from transferring RP1 derivatives to the final 
host. Nal has been reported to prevent conjugation by F 
(Barbour 1967, Bresler, Lanzov and Lukjaniec-Blinkova 
1968, Bouck and Adelberg 1970, Hane 1971, Fenwick. and 
M. 
Curtiss 1973) by interfering with DNA replication in the 
donor cell. Therefore, similar inhibition of RP1 was 
expected (see also section Vi below). 
To determine the amount of Nal necessary to stop all 
transfer of plasmid from the Su+  donor but still allow 
retransfer from the Nalr intermediate recipient ED2196, 
varying amounts of Nal were uniformly spread under the 
agar layer in the petri dish so that when the antibiotic 
had diffused throughout the agar the final concentrations 
ranged from 100 to 1000 .ig/ml Nal. .The maximum amount of 
Nal which allowed retransfer of the CbS  RP1 derivative 
As58 was a final concentration of 800 iig/ml. The Su 
donors were unable to transfer any plasmid with final 
concentrations of 300 iig/ml Nal and above. 
Groups of master plates containing 10 RPltraarn  plas-
mids in JC6650, JC6650 and JC6650(As58) on nutrient agar 
plates were set up and incubated overnight. Groups of 
identical master plates had to be made because they were 
replicated to a variety of intermediate recipients and 
the velvets had to be changed between each replication to 
avoid contamination of the master plate by the interme-
diate recipient. After three such replications there 
were too few bacteria left on the patches of the master 
plate. The master plates were replicated onto nutrient 
agar plates which had been spread with a 10-fold concen-
trated overnight culture of each of the RPltraam  plas-
mids to be tested in ED2196 and the controls ED2196 and 
ED2196(As58). 
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After 1 hr incubation at 37°C all replica plates 
were underlayed with enough Nal to give a final concen-
tration of 500 .ig/ml when the antibiotic had diffused 
completely through the agar. All plates were returned to 
37 ° C and incubated a further 2 hrs to allow the antibio- 
+ 
tic to diffuse and kill the Su donors and the tra genes 
to be expressed. All the nutrient replica plates were 
replica-plated onto minimal plates selectivefor Tc " [Nal" 
Str"] or Cb'[Nalr strr] transconjugants that had been 
spread with a 10-fold concentrated overnight culture of 
the Nalr Strr strain ED3818. 
The patches were classified on the basis of how much 
transconjugant growth was found on the final selective 
plates (see Table 114). 
On the basis of these qualitative results the amber 
Tra mutants were tentatively grouped into 10 groups. 
Group I 	pED511, pED512 
Group II 	pED516, pED615, pED620, pED626 
Group III 	pED534, pED559,  pED562, pED60 14, 
pED6O6, pED611 
Group IV 	pED5141, pED573 
Group V 	pED530 
Group VI 	pED557 
Group VII 	pED607 
Group VIII 	pED617 
Group IX 	pED618 
Group X 	pED619 
TABLE 14: PLATE TRANSIENT HETEROZYGOTE COMPLEMENTATION TESTS. 
Interme- 
diate re- 
L Donors in Su 	Strain Jc6650 
cipient in i 
ED2196 R 	As58 pED511 pED512 pED516 .pED530 pED534. pED541 1pED57cED559 pED562 pED573  pED6O 24 pED6O6. pED607 .pED611 .pED6.15 pED617 pED618 pED619.pED620 pEti626 
R 1+ 
As58 - 3+ 3+ 3+ 3+ 3+ 2+ 	3+ 3+ 3+ 	- 3+ 3+ 3+ 3+ 3+ 14+ 14+ 4+ 4+ 14+ 
pED511 - 	2+ - +/- - 1+ - - - 1+ 1+ - - 1+ - - - 3+ 3+ 1+ 2+ 2+ 
pED512 - 3+ +1- - +/- 2+ 1+ - 	1+ - 1+ 	- - 1+ - - - 1+ 2+ 1+ 1+ 2+ 
pED516 - 	2+ 2+ 2+ - 1+ 1+ - 1+ 1+ 1+ - 2+ 2+ 1+ 2+ - 3+ 3+ - 1+ 1+ 
pED530 - 3+ 3+ 2+ 1+ - 1+ - 	+1- 2+ 2+ 	- 3+ 3+ 1+ 2+ 1+ 14+ 3+ 2+ 14+ 3+ 
pED53 14 - 	2+ 14+ +/ 4+ 3+ - - 3+ +/- +/- - 1+ - +/- - 2+ 3+ 3+ 14+ 14+ 3+ 
pED541 - 2+ 1+ 1+ 1+ 1+ - - 	- - - +/- - 1+ - - 1+ 1+ 1+ 1+ 1+ 
pED557 - 	1+ 2+ - 2+ 1+ 1+ - - 2+ 2+ 	- - - 2+ 1+ 1+ 2+ 1+ +1- 3+ 1+ 
pED559 - 3+ 2+ 2+ 2+ 1+ - - 	2+ - - - - 1+ 1+ 1-I- 2+ +/- - 2+ 14 3+ 
pED562 - 	14+ 3+ 3+ 14+ 2+ - 1+ 3+ - - 	- - 1+ 3+ 2+ 1+ 2+ 3+ 3+ 3+ 3+ 
pED573 - 2+ 1+ +/- 1+ - - - 	- - - - - - - - - +/- - +/- 1+ 
pED604 - 	2+ 1+ 3+ 1+ 1+ +/- - 2+ +1- 1+ 	- +1- +/- 1+ +/_ 1+ 2+ 2+ 2+ 14+ 3+ 
pED606 - 2+ 1+ 1+ 2+ 2+ +/- - 	+/- 1+ 1+ - +/- - 1+ +/- 1+ +/- 2+ +/- 2+ 2+ 
pED607 - 	3+ 2+ 1+ 14+ 2+ 3+ - 1+ 2+ 3+ 	- 2+ 2+ +/- 3+ 2+ 2+ 3+ 3+ 14+ 3+ 
pED611 -. 3+ 3+ 1+ 14+ 2+ +1- - 	3+ +/- +1- - 2+ 1+ 1+ 1+ 1+ 2+ 2+ 2+ 3+ 2+ 
pED615 - 	1+ 1+ 3+ - +/- +/_ - 2+ 2+ 1+ 	- 1+ 3+ 2+ 3+ - 3+ 3+ +/- +/- 1+ 
pED617 - 14+ 2+ 2+ 3+ 3+ 1+ 2+ 2+ 1+ - - 1+ 2+ 2+ 2+ 1+ 14+ 14+ 4+ 14+ 
pED618 - 	14+ 2+ 3+ 3+ 3+ 3+ - 	3+ 3+ 3+ 	- - 3+ 3+ 3+ 3+ 2+ 1+ 3+ 3+ 3+ 
pED619 1+ 3+ 2+ 3+ 3+ 3+ 2+ - 3+ 3+ 3+ - +/- 3+ 3+ 14+ 1+ 3+ 3+ 1+ 4+ 2+ 
pED620 - 	2+ 1+ 2+ 1+ +1- - - 	- +1- 1+ 	- - 1+ - 2+ - 2+ 2+ +/- - - 
nED626 - 'R+ R+ 14+ 3+ 2+ 2+ - 2+ 2+ 2+ - 1+ 3+ 2+ 2+ - 2+ 2+ 2+ 2+ - 
Leyend: 
= 1 - 5 transconjugant colonies/patch; 1+ = 6 - 15 tranScofljugant colonies/patch; 2+ = 16 -30 transconjugant colonies/patch; 3+ = 31+ I 
jugant colonies/patch, but not confluent growth; 4+ = confluent growth in each patch. 
Results are average of 2 tests. 
scon- 
Me 
The only difference found in complementatlon groups 
between the qualitative and quantitative experiments was 
thajpEb557 did not belong to the same group as pED516 
since the plasmids complemented each other in the plate 
test; pED557 was therefore assigned to a new group, Group 
VI. All other plasmids tested using the quantitative 
transient heterozygote complementation test showed the 
same complementation characteristics in both methods. 
D. EFFECT ON THE TRANSFER FREQUENCY OF RP1 OF AN Hfr HOST 
OR THE PRESENCE IN THE HOST OF PLASMID F. 
The F plasmid has been reported to make stable 
mating pairs efficiently in broth (Curtiss 1969), result-
ing in transfer frequencies of approimate1y 1. In liq-
uid matings RP1 did not appear to be able to form stable 
mating pairs; therefore, it was thought that if the mech-
anism for maintaining the two parent cells in close con-
tact was present as provided by an Hfr strain or F in the 
same host, the frequencies of transfer of RP1 might then 
be enhanced. If such an enhancement was possible the 
transient heterozygote complementation tests would yield 
significantly increased numbers of transconugants and 
such an analysis of the Tra function could then be accom-
plished. 
In examining the effect of F on RP1 transfer fre-
quency JC3272(Flac/RP1) cells or the HfrH strain AB259 
containing RP1 were used as donors. ED2196 was the recip-
ient strain for Flac and RP1 from the JC3272(Flac/RP 1 ) 
crosses and the Leu Thr strain AB1157 was used when 
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AB259(RP1) was the donor. Mating experiments were done 
with donors grown to exponential phase at 20 and 85 rpm 
in a shaking 37°C water bath. The crosses were carried 
out for 30, 60 and 120 mm. (See Tables 15 and 16). 
The presence of Flac in the host with RP1 did not 
affect the transfer frequencies of RP1. This could have 
been due to dissociation of the mating pair after F had 
terminated its transfer cycle due to active disaggrega-
tion of the mating partners (Achtman, Morelli and Schwu-
chow 1978); the fragile RP1 pilus not being strong enough 
to maintain the connection. Hfr matings are probably of 
longer duration since long portions of the E. coli chro-
mosome can be transferred thus allowing longer cell to 
cell contact, and the last part of F is almost never 
transferred. In these crosses an approximately 10-fold 
increase in the RP1 transfer frequencies was observed. 
This last finding was not pursued further because at 
the same time a chimeric plasmid which had the Tral re-
gion cloned into pBR325 was constructed by J. Watson 
(Schmidt, Watson and Willetts 1980, Watson, Schmidt and 
Willetts 1980). This chimera was used to make stable 
partial diploids with the tra mutants and such comple-
mentation studies have the advantage of avoiding the use 
of transient heterozygotes (see section V, part B below). 
E. P1 TRANSDUCTIONAL COMPLEMENTATION. 
For some of the complementation analysis of Ftra 
mutants, Willetts• and Achtman (1972) used a P1 transduc- 
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TABLE 15: EFFECT OF THE PRESENCE OF Flac IN THE HOST ON 
oi MDAMQVVV 
Conditions 	Length of 	Transfer 
Selection 	of growth mating . frequency 
Lac 20 rpm 30 min 4L5 x . 10 . 2 
Tc 20 rpm 30 min 1 x 10 -1 
Lac 85 rpm 30 min LLL x 10 1 
Tc 85 rpm 30 min <1 x 10 
Lac 20 rpm 60 min 3 x 10_ i 
Tc 20 rpm 60 min 1 x 10 
Lac 85 rpm 60 min 6.5 x 10 1 
Tc 85 rpm 60 min <1 x 10 
Lac 20 rpm 120 min 7.2 x 10 1 
Tc 20 rpm 120 min 9 x 10 
Lac 85 rpm 120 min 3.8 
Tc. 	. . 	 .85 rpm - . 	 .120 min 1.9 x 
Donors were JC3272(Fiac/RP1). Recipients were ED2196. 
All crosses were done with a 1:10 donor:recipient ratio. 
Selection was for T c [Na1r] transconjugants when selec- 
ting for RP1 and Lac [Nal"] transconjugants when selec- 
ting for Flac. 
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TABLE 16: EFFECT OF USING AN Hfr DONOR STRAIN ON RP1 
TRANSFER. 	 - 
Conditions 	Length of 	Transfer 
Selection 	of growth mating . . . frequency 
Leu Thr 20 rpm 30 min 14.6 x 10_ i 
Tc 20 rpm 30'.min 14 x 10 
Leu Thr 85 rpm 30 min 1.3 x 10' 
Tc 85 rpm 30 min 1.3 x 10 2 
Leu Thr 20 rpm 60 min 1.14 
Tc 20 rpm 60 min 14.6 x 10 2 
Leu Thr 85 rpm 60 min 7.3 x 10 
Tc 85 rpm 60 min 2.3 x 10 1 
Leu Thr 20 rpm 120 min 1.5 
Tc 20 rpm 120 min 2 x 10' 
Leu Thr 85 rpm 120 mm '9.5 x 10' 
Tc . . 	 .85 rpm 	..... 120 mm 	. . 	 1.9. xlO' 
Donors were the HfrH strain AB259(RP1). 
Selection was fr Tc[Str' ] transconjugants when selecting 
for RP1 and Leu Thr [Strn]  transconjugants when selecting 
for Hfr transfer. 
Donors and recipients were mated in a 1:10 donor:recipient 
ratio. A81157 was the recipient strain. 
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tional complementation. This avoided the surface exclu-
sion phenomenon and non-amber Tra mutants could be used 
as donors as well as recipients. P1 transductional corn-
plementation was also used successfully by Barth, Grinter 
and Bradley (1978) in the arrangement of RPtra::Tn7 mu-
tations into complementation groups. Stokes, Moore and 
Krishnapillai (1980) used the Ps. aeruginosa phage, 
E79tv-2 to do a transductional complementation of R18 in 
PS. aéruginosa. Therefore, transductional complernenta-
tion of RPItra mutants with phage P1 was attempted. 
To make Pl'RPl transducing phage, P1 was grown on 
ED 1413 14(RP1). JC3272 was infected with 5 x 10 6 pfu of 
Pl•RP1 transducing phage and Tc[StrX']  transductants were 
selected on minimal medium. (See Materials and Methods). 
The frequency of RP1 transduction was 1.5 to 3 transduc-
tants per 106 pfu of Pl•RP1 used to infect JC3272. Since 
a3 x 106 transductional frequency, when combined with a 
107 2 transfer frequency from the intermediate recipient 
to the final recipeint could be expected to yield trans-
fer frequencies of 108 or less,this frequency was con-
sideredto be too low to be likely to give useful data. 
The effect of a greater concentration of transducing 
phages on the efficiency of transduction was tested by 
using 5 x 106 pfu, 5 x 10 pfu, and 5 x 10 pfu per trans-
duction. The 5 x 108 pfu preparations yielded 0.08 trans-
ductants/10 6 pfu or 40 transductants/transduction mixture. 
While the 5 x 10 7 pfu preparations yielded 1.7 transduc-
tants/10 6 pfu or 85 transductants/transduction mixture; 
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and the 5 x 106 pfu preparations, 3 transductants/10 6 pfu 
or 15 transductants/transduction mixture in parallel ex-
periments. Therefore, in all further experiments 5 x lO 
pfu of transducing phages were used, since the total 
transductant/transducing mixture was greater than when 
either 5 x 106 or 5 x10 8 pfu were used. 
P1 transducing phages of the CbS  RP1 derivative As58 
and of selected Tra mutants were used to make transient 
heterozygotes in JC3272 with As58 and the same selected 
Tra mutants as resident plasmids for use in P1 mediated 
transductiorial complementation (see Materials and 
Methods). The Pl' strain ED24 was used as the final re-
cipient and selection was for Tcr[Sper]  or  Cbr[Sper] 
transconjugants (see Table 17). 
The very low results did not allow any grouping of 
the Tra mutants tested into complementation groups. Al-
though 5 x 107  pfu of P1 transducing phages were used 
which were expected to yield approximately 100 transduc-
tants per transductional complementation mixture, the 
10 2 transfer frequency from the transient heterozygote 
(for Tra+)  gave extremely low numbers of Tcr[Sper]  trans-
conjugants. Barth and his colleagues (1978) were able to 
use 10 pfu per complementation mixture, but we were 
unable to obtain plate lysates with 10 10 pfu/ml for most 
of our Tra mutants and for our Tra+  control As58, and in 
our hands the 5 x 10 pfu/ml preparations gave very low 
numbers of transductants. 
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TABLE 17: P1 TRANSDUCTIONAL COMPLEMENTATION OF SELECTED TraRP1AUTANTS. 
Recipients 
in JC3272 P1•JC3272 P1•As58 P1•pED51.1 P1•pED516 .P1•pED530 P1'pED32 P1..pED53 14 P1•pED5 141 P1.pED617 P1.pED620 
R 0 0 0 0 0 0 0 0 0 0 
As58 0 0 0 1 0 0 0 1 3 0 
pED511 1 28 5 27 17 5 12 18 19 
pED516 3 1 2 4 2 1 1 4 0 0 
pED530 0 0 0 0 0 1 1 0 0 0 
1.06 
V. ATTEMPTS TO MAKE STABLE HETEROZYGOTES FOR COMPLEMENTA-
TION. 
In 1976 Skurray, Nagaishi and Clark reported cloning 
EcoRI fragments from the F transfer region into pSC101, 
and later Skurray et al. (1978) and Achtman et al. (1978) 
reported cloning individual EcoRI fragments of F which 
carried tra genes into a ColEl::TnA vector. In this way 
the cloned tra genes were separated from the F incompati-
bility genes and could easily be identified by making 
stable partially diploid cells with FIac tra mutants to 
see If transfer-proficiency was restored or not. 
If the Tra regions of RP1 could be cloned onto a vec-
tor plasmid such as ColEl or pBR325, it should be possible 
to form stable heterozygotes with the RPltra mutants as 
long as the RP1 cloned portion in the chimeric plasmid 
does not contain any RP1 incompatibility genes. To do 
complernentation studies with the héterozygotes, homage-
notes (where the tra mutation of the mutant has been 
transferred to the cloned RPltra DNA) would need to be 
obtained by screening for either spontaneously occurring 
ones or after U.V. irradiating heterozygotes. 
Stable partial diploids could then be made between 
the chimeric plasmid carrying a particular tra mutation 
and a second RPltra mutant. Construction of the partial 
diploid strains could be by conjugation from a Su+ host 
in the case of the RPltra am - mutants, by mobilization 
— 
with another IncP-1 plasmid or by transformation of the 
tra mutant DNA into a cell containing the chimeric plas- 
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mid in the case of the missense tra mutants. The hete-
rozygotes of the mutant chimeric plasmids and the-RPltra  
mutants could then be tested for restored transfer-profi-
ciency and complementation groups could thus be estab-: 
lished. 
A. ATTEMPTS TO MAKE STABLE HETEROZYGOTE DERIVATIVES WITH 
PLASMID 2RK2 146. 
Plasmid pRK246 is a hybrid plasmid of the ColEl de-
rivative pCR1 (Covey, Richardson and Carbon 1976) which 
has the lL to 29.9 and 35.8 to 56.4 Kb regions of RK2 
(see Fig. 1) inserted into the EcoRI site of pCR1 (Figur-
ski, Meyer and Helinski 1979; D. Helinski personal com-
munication to N. S. Willetts). These two regions of RK2 
comprise the transfer regions of the plasmid. pRK246 
transferred at frequencies similar to RP1, was Kmr  and 
colicin El immune, and replicated under C01E1 control. 
Since this chimeric plasmid used the ColEl replication 
system, it was hoped that stable heterozygotes diploid 
for the Tra regions of RP1 and RK2 could be made. The 
incompatibility region of RP 14 has been located in the 2.1 
to 9.8 Kb region (RK2, RP1 and RPL are very similar plas-
mids and share endonuclease locations, see Fig. 1 and 
Introduction) by Sakanyan et al. (1978); therefore pRK246 
was expected to be compatible with RP1, since it did not 
have the 2.1 to 9.8 Kb region of RK2. 
To facilitate selection when using RP1/pRK246 dip-
bid cells an antibiotic resistance marker was added to 
pRK246 by transposition. Transposon Tn7 which determines 
RM 
resistance to trimethoprim (TPr) and streptomycin/spec-
tinomycin (SPr ) (Barth et al. 1976) was chosen for this. 
Plasmid pRK246 in strain MV10 was transferred into 
J62::Tn7 (J62 carrying a chromosomally inserted Tn7; 
Barth et al. 1976). J62::Tn7(pRK2 116) was mated with 
ED2196 using late log phase cells and a 1:10 donor to 
recipient ratio. TpI[Nalr]  transconjugants were selec-
ted on minimal agar plates, and tested for the presence 
r 	inim 	 r of Km Co1E1 	and transfer of Tp 
After purification ED2196(pRK246::Tn7) was mated 
with JC3272(RPltraam) cells and Tcr Tp 1' [Str" ] transcon-
jugants were selected on minimal media. JC3272 cells 
with p1K246::Tn7 and an RPltraam mutant were purified 
and cultured initially in media with Tp and Tc to make 
sure that both plasmids were present in the survivors. 
To test the stability of the partially diploid strain, 
the cultures were serially diluted into L-broth for 5 
consecutive days. Each time the cultures were diluted, 
dilutions were plated on either Tc plates or Tp plates. 
The Tc and Tp plates were replica plate-mated to ED24. 
TC r [SPC r ] and Tp " [Spc " ] transconjugants were selected 
from each master antibiotic plate to see what percentage 
of those cells growing in the presence of either antibi- 
otic were also harbouring the plasmid which coded for re-
sistance to the other antibiotic, as well as the percent-
age of cells which could transfer both plasmids to the 
R strain. 
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Initially the cells showed the TCr  and TPr  charac-
teristics and transferred both Tp and Tc to plasmid-less 
cells. However, after overnight growth in non-selective 
medium the plasmids segregated and 85% of the cells had 
lost TPr and were now Co1E1 5 while 9% of the cells had 
lo.s Tc r 
Thomas, Meyer and Hellnski (1980) have shown that 
the origin of replication ('oriV) of RK2 is located be 
tween the Cbr  and  Tcr  determinants and adjacent to the 
Tcr determinant. They were able to construct in vitro a 
plasmid derivative which had this region inserted into a 
derivative of Co1E1. This plasmid showed very strong in-
compatibility with RK2. Besides oriV they have shown 
that two other regions are necessary for RK2 replication 
and stable maintenance; one of these is found between the 
Tral region and the EcoRI site and the other is found to 
be separated from oriV by the TCr  determinant. Both of 
these last two regions act in trafls and have been called 
trfB and trfA respectively (trf for trans-acting replica-
tion function). (For the map locations see Fig. 1 in the 
Introduction). They found that the presence of one or 
both of these helper regions did not cause the loss of 
RK2 derivatives which have both of these regions and oriV 
but that those RK2 derivatives which have trfA trfB oriV 
can lead to elimination of plasmids which had the trf 
genes but not oriV. pRK246 has both of these helper re-
gions, but does not have the RK2 oriV since the To" to 
EcoRI region of RK2 is missing in the chimera. The lack 
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of oriV in pRK246 probably accounted for the high rate of 
loss of TPr  in the pRK246::Tn7/RPltra am diploids in the 
same manner that RK2 led to the elimination of RK2 deriv-
atives which were t rfA+ trfB+ oriV. 
Isolation of a pRK26 mutant which would not be 
readily expelled by RP1 was attempted. Replication of 
the plasmid was under the control of the Co1E1 portion of 
the chimeric plasmid (Figurski, Meyer and Helinski 1979). 
Plasmid ColEl has been shown to be dependent on the pre-
sence in the host of an intact DNA polymerase I (PolA) 
gene for normal replication (Tacon and Sherratt 1976). 
The PolA dependence of pRK26 was exploited in an attempt 
to select a pRK2 1 6 Inc mutant. 
Plasmid pRK26 was transferred into the PolA 
strain DS552 and its replication was found to be impaired 
at 42 0 C but not totally prevented as measured by the rate 
of plasmid replication at 142 ° C vs the rate of plasmid re-
plication at 32 ° C (see Table 18). Replication of RP1 
which was also transferred into DS552 was unaffected at 
142 ° C. pRK246 in DS552 was mutagenized with NTG (see Ma-
terials and Methods) then grown overnight at 32 ° C. Over-
night cultures of mutagenised pRK246 were plated on Se-
lective Km plates which were incubated at 32 ° C prior to 
replica plating onto two Km selective plates which were 
incubated one at 32 ° C and one at 42 ° C. Those colonies 
which grew at 32 0 C but not at 42°C were purified and re-
tested for failure to grow at 42 ° C, and were also tested 
for ability to transfer Km at 32°C. The ability of the 
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TABLE 18: EFFECT OF TEMPERATURE ON pRK2 146 REPLICATION IN 
A PolAt5 HOST. 
Colony counts per millilitre 
pRK2 146 in D3552 RP1 in DS552 
Time 32 ° C 142 0.0 32°C 
0 hrs 1 	x 10 6 1 	x 10 6 2.2 	x 	10 	2.2 x 10 6 
3hrs 1.5x10 8 1.1x10 7 2 	x10 8 	1.1x10 8 
6 hrs 1.1 x 10 9 4.8 	.x 	10 1.3 x 	10 9 	iii. .x 	10 
All colony counts are averages of 3 experiments. 
Viability counts to monitor plasmid replication were done 
on Km selective plates. 
4 
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mutants to transfer at 32°C showed that donor ability was 
not impaired. However, lack of replication at 42 0 C indi-
cated that pRK246 was completely dependent on a func 
tional DNA polymerase I and had no residual ability to 
replicate at 142°C. It was hoped that the plasmid which 
was now completely dependent on the Co1E1 replication and 
maintenance mechanism had been mutated in the genes which 
affected its maintenance in a Po1A ts 
 strain at L2 ° C and 
that it had simultaneously lost its incompatibility with 
RP1. 
Clones which failed to grow on selective media at 
L2 ° C but transferred Kmr at 32 ° C were tested for incompa-
tibility using pUB360, a Km5 derivative of pUB307. L-
broth cultures from single colonies of JC3272(pUB360/pu-
tative pRK2 146 mutant) cells were serially diluted 
104_ 
fold in L-broth for 3 consecutive days. Each time the 
cultures were diluted, dilutions were plated on either Tc 
or Km selective plates. The Tc and Km plates were repli-
ca plated onto Tc'and Km selective plates after overnight 
incubation at 37°C to check for co-inheritance of the 
plasmids. By the first day 83% of the cells had lost Kmr 
and by the third day the loss of Kmr  was greater than 90% 
for all of the putative mutants tested. No IncP-1 
pRK246 was found. This was probably due to the presence 
in pRK2 146 of both trfA and trfB, the probability of inac-
tivating both regions at the same time is very small; 
therefore, pRK246 continued to be expelled from the host 
+ 	+ 	~ 
cell by the RP1 derivatives which were trfA trfB oriV 
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B. FORMATION OF PERMANENT HETEROZYGOTES WITH pED800. 
The Tral region of RP1 was cloned into pBR325 by J. 
Watson (Schmidt, Watson and Willetts 1980, Watson, 
Schmidt and Willetts 1980). To do this, an RP1 deriva-
tive with Tn7 inserted into the kan gene was rendered TCS 
by NTG mutagenesis (see Materials and Methods) to give 
pED765. Both pBR325 and pED765 were restrictedwith 
EcoRI, the DNAs mixed and ligated (see Fig. 5). The chi- 
meric plasmid pED800 was T Cr TPr AP r 
the expected restriction endonucleas 
plasmid was Tra since it lacked the 
gions, and was compatible with RP1. 
pED800 was first used to make a 
CmS KmS and showed 
pattern. This 
Tra2 and Tra3 re-i 
stable partial dip- 
bid strain with RP1 itself. The diploid strain trans-
r 2 	r ferred Km (RP1) at a frequency of 1.1 x 10 and Tp 
(pED800) at 3.1 x 102. The origin of transfer (anT) of 
RP1 must be present in pED800 since this could transfer 
efficiently when the missing tra genes were supplied. 
The higher transfer frequency of pED800 when RP1 was also 
present in the host was probably due to the increased 
copy number of pED800. The finding that pED800 contained 
orT agreed with Guiney and Helinski (1979) who have 
shown that RK2 DNA can be isolated as a DNA-protein relax-
ation complex and that nicking of the plasmid DNA in the 
relaxation complex occurs at a unique site in the Tral 
region and is necessary for mobilization of the plasmid. 
They proposed that anT was located in the 5 Kb region of 
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All the amber tra mutants of RP1 were transferred 
into JC3272(PED800 ) by conjugation from the Su111+ strain 
Jc6650, and the resultant partial diploids were tested 
for the transfer proficiency of each plasmid (see Table 
19). A representative number of the missense Tra mu-
tants which were sensitive to phage PR 14 but resistant to 
phages PRR1 and Pf 3  were tested by transforming pED800 
DNA into JC3272 cells carrying the Tra plasmids (see Ma-
terials and Methods). A representative number of the 
missense Tra mutants which were sensitive to all three 
of the plasmid-specific phages were treatédin thesarne 
way. The dipiold cells were then tested for transfer 
proficiency of each plasmid (see Table 19). 
All the mutants which showed sensitivity to plasmid-
specific phages tested were complemented by pED800. 
These results agree with Barth, Grinter and Bradley (1978) 
who found that all of the Tn7 generated RP4 Tra mutants 
which were sensitive to the plasmid-specific phages map-
ped in the Tral region of RP. Only 2 of the 19 amber 
mutants which show complete resistance to the plasmid-
specific phages were complemented by pED800. Since'the 
majoriy of mutants tested (and the majority of mutants 
I 
isolated) were resistant to the specific phages, and did 
not complement pED800, it is concluded that most mutants 
(and by inference most tra genes) are probably outside 
the Tral region of RP1. 
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TABLE 19: COMPLEMENTATION OF SELECTED. Tra RP1 MUTANTS BY 
pED800. 
Transfer from heterozygotea 
- Sensitivity to RP1- 





(TPr) plasmid PRR1 Pf 3 
RP1 s t s 1.1 x 10 2 3.1 x 102 
pED522b s t s 1 x io x 
pED525 '° s t s 1 x 10 2 1.6 x 10 2 
pED568b s t s 7 x iO 3 x 10 
pED588b t t t 4.8 x 10 2  4.5 x 10 2 
pED516' r r s 3 x iO 1.4 x 10 2 
pED526b r r s 2 x 10 -3 8 x iO 
pEp582b r r s 7 x 10 -1 ii x 102 
pED620 C r r t 2.7 x 102 3.3 x 10 
PED511C r r r 3 x 2.5 x 102 
PED615' r r r 5 x 10 1.5x 102 
pED512 0 d 	r r r <1 x io <1 x 10 -1 
aMeasured in 2,hr liquid matings carried out as described 
in Materials and Methods. The donor host strain was 
JC3272, and the recipient strain was ED2196. 
bMi ssense mutations. 
CAmb er suppressible mutations. 
dOther P-specific phage resistant amber mutants not com-
plemented by pED800 were: pED530, pED53, pED541, 
pED557, pED559, pED562, pED573, pED6O, pED6O6, pED607, 
pED611, pED617, pED618, pED619, pED626, and pED632. 
s = sensitive to RP1-specific phage, with clear lysis. 
r = resistant to RP1-specific phage. 
t = sensitive to RP1-specific phage, with turbid spots or 
plaques. 
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C. ISOLATION AND COMPLEMENTATION OF TraT HOMOGENOTES OF 
pED800. 
Homogenotes of partially diploid strains could be 
obtained by screening either for spontaneously occurring 
ones or after U.V. irradiation to promote the transfer of 
the tra mutation to the cloned Tral region. Therefore, 
TraT homogenates of pED800 could be formed for each muta-
tion which was complemented by pED800. Homogenotes of 
pED800 carrying traT mutations which had been cured of 
the RPI 	mutant used to obtain the homogenate, were 
essential to make stable partial diplold strains with 
other RP1tra mutants. 
Homogenotes of pED800 carrying the tra mutations of 
pED516 and pED615 were made; these are pED775 and pED776 
respectively. Heterozygotes of pED775 and pED776 were 
made with pED511, pED516, pED522 and pED615. Each of 
these partially diploid strains was then tested for 
transfer proficiency of each plasmid. 
Of the four RPltraT mutants tested for complementa-
tion with homogenotes pED775 and pED776 only the RPl tra  
mutant which carried the same mutation as did the pED800 
derivative was not complemented in each case. As noted 
above for pED800 the transfer frequencies of the pED800 
derivatives pED775 and pED776 were several fold greater 
than those of the TraT mutants when they were complemen-
ted by RPltraT mutants (see Table 20). 
From this data at least 3 different complementation 
groups and probably 4 could be assigned to the mutants 
TABLE O:. COMILEMENTATION OF HOMOGENOITES AND SELECTED Tra JV1UTANT. 
Number of colonie5 4 in. 0..1.ml of mating mix 
10 1 	 ioT' 	 10T2 	Transfer frequency 
Heterozygote 	Tp 	Km 	TpKm 	Pp 	Km 	Tp 	 Km 
pED775/pED511 4000 10 500.. 18 143 2 .33 x 10T 2 0.2 x 10 2 
pED775/pED516 10 0 0 	. 0 0 	. 0 1 x jo-4 <1 x 10 
pED775/p,ED522. 5000 387 . 	512 	. 32 61 5 5.14 x 10T 2 1.2 x 10 2 
pED775/p.ED615 -- 16118 300.0 	. 152 27,0 	: 14 3.0 X 101 3.3 X 10 
pED776/pED511 6000 184 731 20 59 1 6.11 x 10T 2 0.2 x 10 
pED776/pED516 3000. 77 381 10 43, 0 3.7 x 10T 2 8 x 10 
pED776/pED522 3000. 31 400 5 28 0 3.3 x 10T 2 14 x 10 
pED77.6/.pED6.15 .. 	.0 	. .': 	o:.. ''.o: 	." ;':':.o':.'. :.o 	..:..":'..'.o ..... <i 	:':.x".io.T5.:..<i. . io 
pED7.75 is the homogenote derivative of pED800, carrying the 'pED516 'tra mutation. 
pED776 is the. homogenote derivative of pED800. carrying the pED615 tra mutation. 
All matings were carried out for 2. ',hrs. The donor host strain was '3C3.27.2 and the recipient strain was ED2196. 	 . 
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tested. pED511 was resistant to all of the specific pha-
ges while pED522 was sensitive to them, therefore, it is 
reasonable to assume that they belong to separate comple-
mentation groups. Thus Group I would include pED511.; 
Group II - pED516; Group III - pED522; and Group IV - 
pED615. To analyse the Tral region of RP1 further, homo-
genotes of pED800 would have to be made with representa-
tive RP1-specific phage sensitive tra mutants such as 
pED522, pED525, pED568 and pED588 which have been shown 
to be complemented by pED800 (see Table 19). Stable hete-
rozygotes with these homogenotes and the other missense 
plasmid-specific phage sensitive tra mutants could then 
be made and the transfer proficiency of the plasmid pairs 
determined as above. In this way it would be possible to 
determine if one or more tra genes coded for transfer 
functions which did not involve pilus synthesis, i.e. 
conjugal DNA synthesis. 
Stable heterozygotes of pED775 and each of the other 
RPltra mutants which show a PRR1r Pf3
r  PR4 5 phage sensi-
tivity pattern (pED526, pED582, pED601, pED603 and pED620) 
have been tested for complementation to show that these 6 
mutants represent a single cistron (Hunter and Willetts, 
personal communication). 
To determine if there are more than two cistrons in 
the Tral region which are involved in pilus synthesis a 
homogenote of pED800 would have to be made with pEDSll; 
stable diploid strains with such a homogenote and with 
pED776 could then be constructed with all the phage resis- 
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tant missense tra mutants complemented by pED800 and 
their transfer proficiency tested. 
Time did not allow me to complete the characteriza-
tion of the Tral region;. however, with the heterozygotes 
already made which complement the pED800 chimera, a tool 
now exists to do this. 
A similar analysis of the Tra2 region of HP1 was not 
performed because the region had not yet been cloned. 
The RP1::Mu5 lysogen, pED640, which could be used for 
this was constructed at about the same time as the above 
complementations with pED800 were being done and time did 
not allow me to attempt to clone the Tra2 region using 
this lysogen. For a possible method of cloning the Tra2 
region see the Discussion portion of this thesis. 
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VI. EFFECT OF NALIDIXIC ACID ON RP1 CONJUGATION. 
Genetic transfer of F from Hfr cells has been shown 
to be prevented by the addition of nalidixic acid (Nal) 
to the mating mixtures and to the donor cells (Cuzin, But-
tin and Jacob 1967). This is probably due to the repor-
ted inhibition of DNA replication by the drug (Goss, Deitz 
and Cook 1965). Nal was shown to interfere with DNA gy-
rase activity (Gellert et al. 1977) and to inhibit the 
nicking-closing activity of the nalA gene product DNA 
gyrase (Sugino et al. 1977). DNA gyrases from nalA" 
cells showed 2 orders of magnitude less sensitivity to 
the drug than the gyrases from Na1 5 cells. 
To determine whether Nal inhibited conjugation in 
RP1 as was the case in the F system, JC6256 and its Nal" 
derivative ED3892 were used as the donor host strains. 
ED3818 which is Nal r  was used as the recipient in all the 
experiments. Nal at concentrations of 10, 30 and 100 jig/ 
ml were added to the donors either 5 min prior to the 
addition of the recipient strain or at the time of mixing 
the donors with the recipients to start mating. Controls 
in which no Nal was added to the donors were run in paral-
lel experiments. As shown in Table 21, the effect on 
transfer from the Nal 5 donor strain was approximately 10-
fold greater when Nal was added at the time of mating 
than when it was added to the donors 5 min before mi-
tiating mating. This finding was unexpected and the 
reason:: for this increased transfer of RP1 by the Nal 5 
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Nalidixic acid 
concentrat.ion 






JC6256(RP1) 10 pg/mi 0 time 3.5 x 10 
JC6256(RP1) 30 pg/mi 0 time 5.0 x 10 5 
JC6256(RP1) 100 pg/mi 0 time <2.5 x 10 6 
JC6256(RP1) 10 pg/mi -5 min 3.2 x 10 
JC6256(RP1) 30 pg/mi -5 min 1.1 x 10 
JC6256(RP1) 100 ug/ml -5 min <3 x 10 
JC6256(RP1) no drug 1.9 x 10 
ED3892(RP1) 10 pg/mi 0 time 1.7 x 10 2 
ED3892(RP1) 30 pg/mi 0 time 5.0 x 10 
ED3892(RP1) 100 pg/nil : 0 time 6.0 x 10 
ED3892(RP1) 10 pg/mi -5 min 1.4 x 10 
ED3892(RP1) 30 pg/mi -5 min 3.9 x 10 
ED3892(RP1) 100 pg/mi -5 min 1.5 x 
ED3892(RP1) . 	 no drug . 	 . . 	 . 	 6.3 x 
aED3818 was used as the recipient in 2-hr liquid matings 
as described in Materials and Methods. Results are 
average of 2 determinations. 
b0 time denotes addition of nalidixic acid at the begin-
ning of the mating period. 
-5 min denotes addition of nalidixic acid 5 min prior to 
initialon of mating period. 
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Curtiss (1973) added Nal 2 min prior to initiation of 
mating and maintained the Nal concentrations during 
mating they found an 86% reduction in 3 H-thymidine incor-
poration into R64-11 DNA (R6 14-11 is an Incla plasmid). 
They did not compare these results with parallel experi-
ments in which Nal was added at the time of mating ini-
tiation. They further showed an immediate levelling off 
of DNA transfer by R64-11 when Nal was added sometime 
after the initiation of mating. RP1 conjugation showed a 
rate of inhibition of 2 to 3 orders of magnitude when NalS 
donors were used in the presence of Nal as compared to 
the same donors in the absence of Nal. 
The effect of Nal on the Nalr  donor strain was mark-
edly different in that the only reduction of transfer was 
found when either 30 or 100 ig/ml concentrations were 
used at the time of mating initiation, then a 10-fold re-
duction in the transfer frequency from that of the con-
trol without Nal was observed. 
The Nal 5 donors thus showed 2 to 3 orders of magni-
tude greater sensitivity to the drug than did the Nal' do-
nors. This indicates that Nal interferes with the conju-
gation of RP1 to a similar extent as was found with F and 
I group plasmids. The Nal effect on RP1 conjugation is 
probably via interference with the DNA gyrase activities 
of nicking-closing and super coiling of the DNA. 
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VII. DETECTION OF RP1-CODED PROTEINS. 
Of the F factor tra proteins examined, the proteins 
encoded by tra genes involved in F pilus synthesis as 
well as those involved in surface exclusion have been 
found in the cell envelope of the host cell (Achtman, 
Kennedy and Skurray 1977, Kennedy et al. 1977, Achtrnan et 
al. 1979,Manning, Beutin and Achtman 1980, Willetts and 
Skurray 1980). Of these at least traE, traG and traS are 
found in the inner membrane and traJ, A, L, K, B and T 
are found in the outer membrane. To detect F-coded pro-
teins outer membrane and other cell fractions of bacteria 
with and without plasmid were isolated and their proteins 
were separated by electrophoresis in gradient SDS-poly-
acrylamide gels, stained and compared. The presence of 
protein bands on the tracks from host cells containing 
plasmid which were absent in the tracks from plasmid-less 
bacteria indicated the presence of F plasmid coded pro-
tein. If these plasmid coded protein bands were found to 
be lacking in a particular mutant, then this was evidence 
that that mutation is responsible for the lack of that 
particular band. 
Another method which has been used to detect F-coded 
proteins, has been to use minicell preparations which had 
plasmids with cloned fragmentsof the Ftra operon. 
Cloned -fragments have been used since most F' plasmids do 
not segregate well into minicells; however, functional F'- 
gal and conjugative plasmids R222 and N-1 were shown to 
segregate into minicells and then transfer by conjugation 
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into plasmid-less hosts (Kass and Yarmolinsky 1970, Levy 
and Norman 1970). Protein synthesis has been shown to 
occur in minicells which contained plasmids, and to be a 
property of the plasmid-containing minicells and not of 
the control plasmid-less minicells (Roozen, Fenwick ahd 
Curtiss 1971). Therefore, the protein produced by 
plasmid-containing minicells would have to be under the 
direction of the plasmid DNA. This characteristic allows 
the plasmid-coded proteins to be radioactively labeled 
and detected by autoradiography of gradient SDS-polyacryl-
amide gels, whether, these proteins are coded by cloned 
portions of larger plasmids or by naturally occurring 
plasmids. Comparison of the cloned tra portions to amber 
mutants carried in a similar fragment of DNA would iden-
tify the protein with the gene producing it. 
A. 'SEARCH FOR RP1-'CODED PROTEIN IN 'JC3272 'OUTER MEMBRANES. 
Since most of the F Tra proteins were found in the 
outer membranes of the host cells it was likely that at 
least some of the proteins encoded by the transfer, genes 
of RP1 would also be found in the outer membrane of the 
host cell., To detect any such RP1-coded proteins, outer 
membrane preparations from JC3272(RP1) were isolated and 
electrophoresed on 8 - 16% gradient SDS-polyacrylamide 
gels (see Materials and Methods) and compared to outer 
membrane preparations of JC3272 and JC3272(Flac). Al-  
though the TraT protein of Fwas.readily visible in the 
JC3272(Flac) outer membrane 'track, new outer membrane pro- 
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tein bands were not readily seen in the preparations from 
JC3272(RP1) when compared to those of the JC3272 prepara-
tions (see Fig. 6). RP1-coded proteins could be obscured 
by proteins normally found in outer membranes of plasmid-
free cells. A second possibility was that RP1-coded pro-
teins had only a few copies of each molecule and so their 
bands were not easily seen. 
B. DETECTION OF RP1 PROTEINS IN MINICELLS. 
Since no RP1 proteins were detected in outer membrane 
preparations from JC3272(RP1), segregation of RP1 into 
minicells was attempted so that RP1 proteins could be 
radioactively labeled. RP1 was introduced into the mini-
cell producing strain DSlO by mating ED2196(RP1) with 
DS10 and selecting for Tc '[St rr] •transconjugants. Mini-
cells were prepared as described in Materials and Methods. 
Mnicell preparations were checked for the expression of 
RP1 transfer genes by conjugation with ED3818, selecting 
Tcr[Na lI'] transconjugants on minimal media. Minicells 
transferred the RP1 plasmid at a frequency of 7 x 10 6 
assuming 4 x 10 9 minicells/mi at O.D.660Oi5. Bacterial 
contaminations of the minicells was =1 cel1/4 x 10 5 mini-
cells or 1 x 10 bacteria/mi of minicell preparation. If 
the RP1 transfer had been from the contaminating bacteria 
found in the minicell preparation and not from the mini-
cells with RP1, the transfer frequency of RP1 would have 
been 2.7 x 10 1 ; however, this was unlikely since the RP1 
transfer frequency from DSLlO(RPl) was found to be between 
23456 








FIGURE 6: COO!VIASSIE BRILLIANT BLUE STAINED 8 - 16 
GRADIENT SDS-POLYACRYLAMIDE GEL OF 
JC3272, JC3272(RP1) AND JC3272(Flac) 
PROTEINS. 
Track 1: JC3272 total cell preparation. 
Track 2: JC3272(RP1) total cell preparation. 
Track 3: JC3272(Fiac) total cell preparation. 
Track 4: JC3272 outer membrane preparation. 
Track 5: JC3272(RP1) outer membrane preparation. 
Track 6: JC3272(Flac) outer membrane preparation. 
The location of the molecular weight markers which 
were electrophoresed on the gel are marked by the 
lines at the right of the photograph. 
The F traT protein is marked by an arrow. 
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0.5 and 1 x 10.2 in repeated experiments. Therefore, it 
was concluded that the RP1 transfer observed was from mi-
nicells containing RP1 and that RP1 segregated into the 
minicells from DSI410(RP1) cells. 
Minicell preparations' from DS 1410 and DS410(RP1) were 
labeled with 35 S-methionine prior to fractionating and 
preparing for electrophoresis (see Materials and Methods). 
Total minicell preparations as well as cellular factions, 
i.e. cytoplasm, inner and outer membrane, were examined 
by electrophoresis on 8 - 16% linear gradient SDS-poly-
acrylamide gels after staining with Coomassie Brilliant 
Blue (see Materials and Methods). Upon examination of 
the wet stained gel, a new 70,000MW band was found in 
t1e outer membrane track of the DS 1410(RP1) minicells which 
was not visible in the outer membrane track of DS 1410 mini-
cells (see Fig. 7). The tracks which had total minicell 
preparations were overloaded and the protein bands tended 
to run together and smear, therefore any RP1 proteins 
that might have been present could not be readily distin-
gu.shed. No new protein bands were detected on the 
tracks of the cytoplasmic and inner membrane 'fractions 
(see Fig'. 7). 
Autoradiographsof the dried down gradient SDS-poly-
acrylamide gels showed protein bands only in those tracks 
which had preparations from the minicells with RP1 in 
them. As was expected, the plasmid-less minicell prepa-
rations did not show any significant 35 S-methionine up-
take. Approximately 20 of the proteins in the total mini- 
I 2 34567 8 9 10 
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FIGURE 7: COOMASSIE BRILLIANTBLUE STAINED 8 - 
16 GRADIENT SDS-POLYACRYLAMIDE GEL 
OF DS 1 10 and DS 1I10(RP1) MINICELL 
F ROTE INS 
Track 1: DStllO total minicell preparation. 
Track 2: DS410(RP1) total minicell prepara-
tion. 
Track 3: DS 1410 micicell debris. 
Track l: DS10(RPl) minicell debris. 
Track 5: DS410 cytoplasmic fraction. 
1Track 6: DS410(RP1) cytoplasmic fraction. 
Track 7: DS 1I10 inner membrane fraction. 
Track 8: DSII10(RP1) inner membrane fraction. 
Track 9: DS410 outer membrane fraction. 
Track 10: DS 1410(RP1) outer membrane fraction, 
note new 70,000 MW band 0.5 cm below 
92,000 MW marker and possibly a new 
31,000 MW band 0.75 cm above 28,000 
MW marker. 
The locations of the molecular weight markers 
electrophoresed on the gel are marked by the 
line to the right of the gel in the photo-
graph. 
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cell preparations were RP1-ccded and of these several 
were also observed in the inner and outer membrane tracks. 
The 70,000 MW band was only very faintly visible on the 
autoradiograph, but 3 other bands of 146,000, 31,000 and 
28,000 MW respectively were more readily detected and 
this may mean that there were more copies of these 3 pro-
teins than there were of the 70,000 MW protein. The in-
ner membrane track showed plasmid specif±c proteins of 
146,000, 31,000, 28,000, 27,000, 25,500, 22,500 and 8,600 
MW. There was an approximately 5-fold greater number of 
d.p.m. in the inner membrane fraction than in the outer 
membrane fraction of the preparations and this probably 
accounted for the much fainter bands on the autoradiograph 
for the latter. Only one RP1-coded protein of approxi-
mately 26,000 MW was detectable in the cytoplasmic frac-
tion from the RP1 minicells on the autoradiograph (see 
Fig. 8). 
The presence of the majority of the RP1-coded pro-
teins in the inner and outer cell membrane fractions 
showed that many of the RP1 proteins were located in the 
cell envelope as was found to be the case in the study of 
F transfer gene proteins (see above). The 26,000 MW pro-
tein found in the RP1 minicell cytoplasm was possibly - 
lactamase which is one of the 3 proteins coded by the 
trarisposon which carries the Cbr determinant in RP1 and 
normally can be found in the cell cytoplasm. 
The presence of labeled protein bands in the tracks 
from the minicells containing RP1 and not in the plasrnid- 
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-I 	 FIGURE 8: AUTORADIOGRAPH OF 8-16% SDS-POLYACRYL- 
AMIDE GEL OF DS410 and DSIl0(RPl)
__
 
MINICELL 35 3-METHIONINE LABELED PRO- 
( 
Track 1: DS 1410 total minicell preparation. 
[jH , 	
Track 2: DS 1I1O(RP1) total minicell preparation. 
Track 3: DS410 minicell debris. 
• 	; 	 Track : DSI410(RP1) minicell debris. 
Track 5: DS 1I10 cytoplasmic fraction. 
-42K 	Track 6: DS10(RPl) cytoplasmic fraction. Track 7: DS 1 10 inner membrane fraction. 
- 	 Track 8: DS 1I10(RP1) inner membrane fraction. 
Track 9: DS 1410 outer membrane fraction. 
Track 10: DS410(RP1) outer membrane fraction. 
The location of molecular weight markers which 
-28K 	were electrophoresed on the gel are indicated 
by the lines at the right of the photograph. 
8.5K 
	
Dis1ntegration per minute of DS 1410 and DS410(RP1) 
preparations were similar. 
This is an autoradiograph of the gel photographed 
14K 






less minicell preparations indicated that the plasmid was 
encoding a variety of proteins, some of which may be 
transfer proteins. To determine how many and which of 
the RP1-coded proteins found in the minicells are trans-
fer proteins, representative RPltra plasmids need to be 
introduced into minicells. Comparison of the proteins 
produced by wild type RP1 and representative RPltra mu-
tants would yield this information since RP1 should have 
protein bands which are not found in the tracks of the 
RPltra mutants. This analysis of the RPl transfer pro-
teins will have to await further analysis of the transfer 
regions so that representative mutants of each of the tra 
cistrons identified can be used to detect and character-
ize proteins produced by these. 
DISCUSSION 
Attempts were made to optimize the growth conditions 
of the mating partners and the conditions of mating to 
consistently increase the frequencies of transfer of RP1. 
nest results were obtained when the donors were grown to 
exponential phase with slow shaking (20 rpm) and the re-
cipients with rapid shaking (85 rpm). Total cell concen-
trations in the mating mixes at the beginning of the 2-hr 
period of mating were approximately 2 x 10 7 cells/mi; 
this concentration was obtained by diluting the mixtures 
10-fold with broth to allow for ample supply of nutrients 
and oxygen during the 2-hr mating period. Under these 
circumstances donor transfer frequencies were 10 2 as 
compared to the reported frequencies in liquid matings 
which ranged from 10 3 to 10 5 (Datta et al. 1971, Grin-
sted et al. 1972, Ingram, Richmond and Sykes 1973, Olsen 
and Shipley 1973). The probable reason for this low 
transfer frequency in liquid matings is that RP1 pili are 
short and rigid and therefore easily broken by brownian 
movement in the broth (Bradley 1980). In solid surface 
matings these piasmids transfer efficiently with frequen-
cies approaching 1, the celisare immobilized on the sur-
face and pili are no longer easily broken off (Bradley, 
Taylor and Cohen 1980). 
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Datta .e al. (1971) and Olsen and Shipley (1973) 
tried to prepare high frequency of transfer donor cul-
tures (HFT) with subsequent testing of their donor abili-
ty to plasmid-less strains using RP4 and R1822 respec-1. 
tively with no success. Attempts to isolate derepressed 
for transfer mutants of RP4 after mutagenic treatment 
also failed (Dàtta et al. 1971). Our attempts to isolate 
an HFT RP1 culture by selecting for the characteristic 
and later attempts to isolate a derepressed RP1 conjuga-
tive plasmid following mutagenesis also failed. This was 
not surprising since RF4, R1822 and RP1 are very similar 
(see Introduction). Since cultures of cells with these 
plasmids are fully sensitive to the IncP-1-specific pha-
ges, they probably are fully expressed for transfer and 
do not have a fertility inhibition system similar to the 
FinOP system of most F-like plasmids (Meynell, Meynell 
and Datta 1968). They probably also lack the fertility 
inhibition systems similar to those existing in the many 
other plasmids of various incompatibility groups which 
have repressed conjugation systems (listed by Bradley 
1980). Since no HFT conditions nor a derepressed RP1 con-
jugative plasmid was available, wild type RP1 was used to 
obtain Tra mutants. 
To do a genetic analysis of transfer, RPltra mutants 
were made using N-methyl-N-nitro-Nt-nitrosoguanidine (NTG). 
One hundred thirty-three Tra mutants were selected and 
characterized. Three of the mutants had lost the resis-
tance to kanamycin (Km) as well as the transfer function, 
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and one of these retained sensitivity to the P-specific 
phages; a further three were resistant to 10 .ig/rnl Km but 
sensitive to the 20 iig/ml Km concentrations usually used, 
two of these last three being sensitive to the P-specific 
phages. These altered phenotypes for the kan gene could 
be polar mutations of Tra affecting the reading of the 
Km" region or deletions into the kan gene from either the 
Tral or Tra2 region of transfer; a third possibility is 
that some of these have double mutations. 
Only one mutant, pED597, lost resistance to carbeni-
cillin (Cb) as well as the transfer function. This mu-
tant was probably a double mutant since the Tral region 
and the Cbr  gene are separated by the EcoRI site on the 
left side of the Cb' gene and the tetracycline (Tc) re-
sistance gene separates it from Tra3 (see Fig. 1 in the 
Introduction). Thomas, Meyer and Helinski (1980) have 
shown that the region immediately to the left of the 
EcoRI site is essential for p1asmd replication or main-
tenance, therefore, a deletion originating in the Tral 
region which extended clockwise across the EcoRI site I 
into the Cbr  determinant would be unlikely since pED597 
is stably maintained in E. coliK-12 strains. A deletion 
from the Tra3 region is likewise unlikely because pED597 
is not 'only TCr but also replicates normally and oriV has 
been shown to be located between the Cbr  and  TCr  regions 
(Thomas, Meyer and Helinski 1980). None of the other 
RPltra mutants showed phenotypes unrelated to tra. 
1.36 
To facilitate the formation of transient heterozy-
gotes in conjugation complementation experiments to anal-
yse the genetics of the transfer function of RP1, amber 
tra mutations which could be transferred from a Su+ 
strain into another strain which contained a second tra 
mutant were desirable. All RPltra mutants were therefore 
screened for suppressibility by Su1+  and  Su111+.  Out of 
a -total of 85,000 colonies screened after NTG mutagenesis 
for Tra RP1 phenotype, the above mentioned 133 mutants 
were selected and of these 21 were found to carry amber 
tra mutations. Amber tra mutants pED516 and pED620 were 
sensitive to the P-specific phage PR 1 but resistant to 
phages PRR1 and Ff3, while all the other amber tra mu-
tants were resistant to all three of the P-specific pha-
ges used. No amber tra mutants were found which were 
sensitive to all three phages although an extensive 
search was made. During this search a total of 30 tra 
mutants sensitive to the three phages were found, of 
these pED532, pED625 and pED630 could be deletions since 
they also showed an altered Kmr  phenotype (see Table 7 
in Results and above). The reason for the lack of amber 
mutants among the fully IncP-1-specific phage sensitive 
mutants is unclear. 	 - 
The surface exclusion (Sfx) index of 13 of the 30 
tra mutants tested was found to be 10-fold or more lower 
than that showed by the parent RP1 whose Sfx index was 
..100. - In 4.of the mutants tested Sfx was fully expressed, 
and the remaining 13 mutants showed between 2 and 24-fold 
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decrease in the Sfx index. The loss of Sfx expression by 
some of the tra mutants indicated that some relationship 
probably exists between the two functions as was found in 
the F conjugation system where the genes for Sfx formed 
part of the transfer operon (Achtman, Willetts and Clark 
1971, 1972, Finnegan and Willetts 1971, Willetts and 
Achtman 1972, Willett -s 1974, Helmuth and Achtman 1975, 
Achtman et al. 1980). Of the IncP-1-specific phage sen-
sitive tra mutants tested for Sfx expression only pED588 
showed a small (2-fold) decrease in the Sfx index when 
compared to the parental index, while two of the plasmids 
had significantly greater indices than the RP1 parent 
plasmid. Barth (1979) found Sfx mutants among RP4::Tn7 
and RP 14::Tn76 isolates, these insertions were located 
within the Tra2 and Tra3 regions of RPLL None of the Sfx 
RPL derivatives showed a Tra+ phenotype. The majority of 
the RP1 tra mutants tested for Sfx expression which 
showed a markedly reduced Sfx index did not complement 
the RP1 Tral region (see sections III part C and V part 
B in Results). Therefore, it is concluded that these are 
located either in the Tra2 or the Tra3 regions of RP1; 
these findings agree with those of Barth (1979). Two of 
the plasmids tested for Sfx expression which showed a 
marked reduction in the Sfx index were found in the Tral 
region - these are pED511 which is an amber tra mutant 
resistant to the IncF-l-specific phages and pED516, also 
an amber tra mutant but shows the PRR1 
r  Ff3 
r  PR4
s  plasmid-
specific phage sensitivity phenotype. The significance 
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of these two Sfx tra plasmids found in the Tral region 
is not understood at this time. 
The 30 tra plasmids which had the PRR1S Pf3 5 PR 14 5 
plasmid-specific phage phenotype neededto,code'for':the 
production of P-i pili for phage attachment (Bradley 
1974, 1980, Bradley and Cohen 1977, Bradley and Chaud-
hun 1980) and were presumably capable of pair formation. 
The loss of the Tra function implies that they are defi-
cient In some other aspect of conjugation, possibly' in:. 
donor conjugational DNA synthesis. Stokes, Moore and 
KrishnapIllai (1981) found two cistrons in R18 which were 
plasmid-specific phage sensitive and Tra, these were 
traF and t'raH. The 30 'tra mutants above could possibly 
belong to one or the other of these two R18 tra cistrons 
since R18 Is very similar to RP 14 and therefore to RP1 and 
RK2 (Stokes, Moore and Krishnapillai 1981). 
Attempts were made to make Tra mutants using Mu ct s 
to insert into the RP1 genome. Although no Tra mutants 
were isolated, some useful RP1::Mucts lysogens were ob-
tained; pED6142 and pED6 14 14 had the Mucts:.inSertiOn adja-
cent to the Tral region and tra deletion mutants could be 
generated by selecting for 142 ° C RP1 survivors which were 
Tra. These deletion mutants could then be used to begin 
'ordering the point mutants in Tral. Plasmid pED6140 whose 
probable Mucts insertion was at Kb 19.5 (see Fig. 14 in 
Results) would be' useful to clone the Tral and Tra2 re-
gions into a cloning vector which is compatible with RP1 
such as pBR325, using EcoRI to cleave the plasmids prior 
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to ligating the two together. The Tra2 region could be 
cloned by cleaving the lysogen and an appropriate vector 
with Hindill. Cloning the regions of transfer into vec-
tors compatible with RP1 would allow the formation of per-
manent heterozygotes with tra mutants and facilitate ge-
netic complementation analysis of the function. Time did 
not allow me to construct the chimeric plasmids using the 
RP1::Mu.5 lysogen pED6 240. 
Transient heterozygote complementation experiments 
similar to those used by Achtman, Willetts and Clark 
(1972), Willetts and Achtman (1972) and Willetts (1973) 
to study the conjugation system of F were attempted using 
9 of the amber tra mutants. The number of transconju-
gants from the complementation studies were for the most 
part low. RP1 transfer frequencies in liquid matings of 
RP1, under optimal conditions, were consistently low 
(10 2 ) and transient heterozygote cornplementation required 
two such transfers in tandem as well as the expression of 
the tra genes. Thus, the best transfer frequencies that 
could be expected were around 10-4  or less. When optimal 
growth conditions for donors were being studied, growth 
with no aeration reduced the transfer frequency of the 
donors; in transient heterozygote complementation the in-
termediate hosts harbouring the heterozygotes are incuba-
ted with no aeration during the initial 2-hr mating pe-.. 
+ 
nod to permit conjugation from the Su donor. This lack 
of aeration probably lowers the transfer frequency from 
the intermediate hosts to the final hosts below the 10.2 
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level seen under optimal conditions.; therefore, the ex-
pected frequencies for the complementation experiments 
	
would be lower than the theoretical 10 	frequency. 
Nonetheless four complementation groups were esta-
blished among the 9 mutants tested using the above method. 
Two plasmids, pED541 and pED573, showed no complementa-
tion with any of the mutants tested and could possibly 
have polar mutations which did not allow expression of 
tra genes located downstream of the mutation. Another 
explanation for the lack of complementation with the 
other mutants could be that the mutations affect a pro-
moter necessary for the expression of transfer. 
A replica-plate method to screen complementing amber 
tra mutants was developed to take advantage of the éff I-
ciency of transfer by RP1 on solid media. This efficien-
cy is probably due to the immobilization of the mating 
partners on the agar surface; therefore, the fragile pill 
were not easily broken and mating was not interrupted 
(Bradley and Chaudhuri 1980, Bradley 1980). A large nuin-
ber of mutants could be tested at one time, but the ini-
tial donor plasmids as above, needed to be amber tra mu-
tations; no missense mutants could be tested as donors. 
The test relied on the use of a Nal5 Su+  donor,  Nair  in- 
- 	 r 	r termediate recipient, and a Nal Str final recipient. 
Nalidixic acid was used to both kill the Su donor and in-
terrupt conjugation from it to the intermediate recipient. 
This allowed the amber tra mutants to be grouped into 10 
complementation groups. These groupings agreed with the 
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initial groupings of the amber tra mutants tested in the 
quantitative transient heterozygote complementation ex-
periments above; with one exception, plasmids pED516 and 
pED557 did not complement each other in the broth expe-
riments but did so in the replica-plate experiments. 
This was probably due to the increased efficiency of 
mating by RP1 on surface matings. 
Although the presence of an FIac in the same host 
did not affect the frequency of RP1 transfer, the HfrH 
host AB259 enhanced RP1 transfer approximately 10-fold. 
F shows active disaggregation after transfer of the plas-
mid has occurred, but this is not the case in Hfr cells 
which remain in stable aggregates for a longer period of 
time so that large.. portions of the bacterial chromosome 
are transferred (Achtman, Morelli and Schwuchow 1978). 
At about the same time that this was discovered, a chime-
nc plasmid which had the Tral region clone.d into p3R325 
which was compatible with RP1 was constructed by J. Wat-
son (Watson, Schmidt and Willetts 1980) and this was used 
to make permanent heterozygotes with thetramutants; 
therefore, transient heterozygote complementation using 
Hfr hosts was not pursued. 
P1 transductional complementations were unsuccessful 
in our hands, partly because we were unable to obtain 
high concentrations of transducing phages with which to 
carry out the transduction. Barth, Grinter and Bradley 
(1978) were able to successfully complement and arrange 
into complementation groups their RPI1tra::Tn7 mutations 
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using 10 9 plaque forming units (pfu) per trans . 
mix. We were able to use only ..5 x 107  pfu in each of 
our transc &o mixes and these yielded very low num-
bers of transconjugants in the final mating; therefore, 
the plasmids tested could not be grouped into complemen-
tation groups. 
The first attempts at making stable heterozygotes 
were done with the chimeric plasmid pRK246 which had all 
the transfer regions of RK2 cloned into the ColEl EcoRI 
site of pCR1, a Kmr ColEl derivative (Figurski, Meyer and 
Helinski 1979). Although this plasmid did not have the 
Inc region which has been reported to be located between 
2.1 and 9.8 Kb on the RP 14 map (Sakanyari et al. 1978) and 
therefore was expected to be compatible with RP1; this 
plasmid was incompatible with the RPItra mutants and was 
lost whenever an RP1 derivative was introduced into the 
same host cell. pRK2 146 has both of the trans-acting re-
plication functions, trfA and trfB of RK2, but lacks the 
oriV site (Figurski, Meyer and Helinski 1979). The pre-
sence of the trfA and trfB genes but not oriV on a plas-
mid was shown to allow such a plasmid to be easily ex-   I. 
pelled from its host by plasmids of the same IncP-1 group 
which had both trfA trfB and the oriV regions on their 
genome (Thomas, Meyer and Helinski 1980). Attempts at 
obtaining a pRK246 mutant compatible with RP1 failed, so 
that permanent heterozygotes could not be obtained. This 
was probably due to the presence on pRK2 146 of both the 
trfA and trfB genes. 
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Watson constructed a' chimeric plasmid from pED765, 
a Tn7 derivative of RP1 which had Tn7 inserted into the 
Km" gene of RP1. By using an EcoRI digest of pED765 the 
Tral region was cloned into the EcoRI site of pBR325 (see 
Fig. 5 in Results; and Watson, Schmidt and Willetts 1980). 
This chimeric piasmid, pED800, was compatible with RP1. 
Partial diploid strains which carried RP1 itself and 
pED800 transferred Km" (RP1) at frequencies of 102 and 
trimethoprim (TPr , pED800) at a 2 to 3-fold higher fre-
quency. This increased frequency of pED800 transfer was 
probably due to the increased copy number of the chimera. 
pED800 transferred TPr when it was in the same cell as 
RP1 and therefore has oriT. Guiney and Helinski (1979) 
proposed that oriT was located in a 5 Kb region of RK2 
extending from 116.3 to 51.3 Kb. This region is at the 
extreme end of the Tral region closest to the EcoRI site 
(see Fig. 1 in Introduction). Partial diploid strains 
were made with pED800 using all of the amber RPltra mu-
tants and a representative number of missense tra mutants 
which had the PRR1S pf3S.PR11S phenotype as well as of 
those with the PRR1"Pf3r PRJI S phenotype. All tra mu-
tants tested with either the PRR1S pf3S PR 24 5 or the PRR1" 
f3r PRI4 S phenotype were complemented by pED800 as were 
pED511 and pED615 which are PRR1r Pf3r  PRLr amber tra mu-
tants. None of the other 17 amber tra mutants with the 
IncP-l-specific phage resistant phenotype were comple-
mented by pED800, their mutations were therefore probably 
not located in the Tral region. The finding that those 
144 
tra mutants which had a phenotype of sensitivity to plas-
mid specific phages appeared to have their mutations 
within the Tral region agrees with Barth, Grinter and 
Bradley (1978) who reported that RP 14tra::Tn7 mutants 
which showed sensitivity to the plasmid specific phages 
had Tn7 inserted within the Tral region. 
Since the majority of the RPltra mutants tested (and 
the majority of the RP1tra mutants isolated) were resis-
tant to the specific phages and did not complement pED800 
it was concluded that most mutants (and by inference most 
tra. genes) are probably located outside the Tral region 
of RP1. Barth, Grinter and Bradley (1978) located L tra 
genes in the Tral region and 1 gene in the Tra2 regi'on 
when they used P1 transductional complementation to map 
their RP 14tra::Tn7 mutants. Only 3 of their Insertions 
leading to a Tra phenotype were found between the Km1' 
and Tcr determinants and these were located relatively 
close together; therefore, the above finding was not 
surprising. Since then the Tra2 region has been exten-
ded to include 3 more RP4tra::Tn7.insertions which also 
show an Sfx phenotype and a 3rd transfer region, Tra3, 
has been located close to the trfA gene which was dis-
covered when locating a Tn76 insertion into RP 24 which had 
an; Sfx Tra phenotype (Barth 1979, Thomas 1981). 
Using the pED800 partial diploid strains which had 
pED516 (amber tra mutaht with PRR1r f3r PRLS phenotype) 
and pED615 (amber tra mutant with 
p1r f3r 	4r pheno- 
type) homogenote derivatives of pED800 were isolated 	r 
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which carried the pED516 mutation and the pED615 muta- 
tion; these pED800 derivatives are pED775 and pED776 res-
pectively. After making heterozygotes of pED775 and 
pED776 with pED511 (amber tra mutant with PRR1" f3r PR4r 
phenotype), pED516, pED522 (missense tra mutant with 
PRR1S Ff3 3  PFL 14 3 phenotype) and pED615; the partially dip-
bid strains were tested far the transfer proficiency of 
each plasmid. The pED775/pED51 6 and pED776/pED615 hete-
rozygotes did not complement as was expected since both 
the homogenote pED800 derivative and the RPltra plasmid 
in each heterozygote carried the same mutation; but all 
the other heterozygotes showed complementation. From 
this it was reasonable to assume that the four plasmids 
tested represented four separate complementation groups 
within the Tral region since pED511 was completely resis-
tant to the plasmid-specific phages and pED522 showed 
sensitivity to all 3 of them. Therefore, group I would 
include pED511; group II, pED516; group III, pED522; and 
group IV, pED615. Time did not allow me to complete the 
analysis of the Tral region. 
Stable partially diploid strains have been made 
using pED775  and the RP1tra mutants which show the PRR1r 
f3r FRL S phenotype (pED526, pED582, pED601, pED603 and 
pED620). None of these mutants were complemented by the 
pED800 homogenote derivative pED775 which carries the 
pED516 mutation; therefore, they form a single cistron 
(Hunter and Willetts, personal communication). 
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To complete the analysis of the Tral region homo-
genotederivatives of the pED800 heterozygotes which 
have shown complementation need to be isolated. With 
these homogenote derivatives of pED800, partially dip-
bid strains need to be made using the RP1tra mutants 
which have been shown to be RP1-specific phage sensitive 
as well as with the missense mutants which are comple- 
mented by pED800 and are plasmid-specific phage resistant. 
A minimum number of tra cistrons found in the Tral re-
gion can then be established from the compiementation re-
suits of such stable heterozygotes. Deletion mutants 
need to be obtained within the Tral region to order the 
complementation groups found in this region. One possi-
ble way to do this is by isolating 142 ° C RP1 survivors 
from those RP1::Mucts lysogens which have Mu inserted 
close to the Tral region. Another way to order the com-
plementation groups would be to make stable heterozygotes 
with representative homogenote derivatives of pED800 and 
the RPI4tra::Tn7 mutants of Barth, Grinter and Bradley 
(1978) whose locations have already been determined by 
the site of Tn7 insertion into Tral. This latter would 
have the added advantage of 
already available on the similarity and genetic related-
ness of the RP4 and RP1 plasmids. 
To do an analysis of the Tra2 region similar to that 
of Tral, it needs to be cloned into an appropriate vehi-
cle. The Hindlil fragment carrying the Tra2 region of 
the RP1::Mut5 lysogen pED6140 can be cloned into the 
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Hindlil site of the cloning vehicle pBR322. This plasmid 
chimera can then be used to form partial diploid strains 
with both the amber and missense tra mutants which were 
not complemented by pED800. Transfer of Kmr or.  TCr  from 
the heterozygote strains would indicate that the plas-
mids carried mutations in the Tra2 region since the 
cloned Tra2 region complemented them. This chimera would 
not be able to transfer as it would lack the oriT site 
which is found in the Tral region and is needed in cis 
for mobilization of the plasmid (Gulney and Helinski 
1979). Homogenote derivatives of the chimera carrying 
the amber tra mutations which were complemented by the 
Tra2 region would need to be isolated from these hetero-
zygotes. Heterozygote strains could then be made using 
the tra homogenote derivatives of the chimeric plasmid 
and the RPltra plasmids which were complemented by the 
Tra2 region. Transfer of Kmr  or  Tcr from such hetero-
zygotes (the homogenote derivatives and an RPltra mu-
tant) would again show that the Tra mutant was being 
complemented by the homogenote derivative of the Tra2 
chimeric plasmid carrying a tra mutation. Such comple-
mented tra mutations would indicate that the original 
plasmids carrying these tra mutations belonged to two 
separate cistrons within the Tra2 region of RP1. Dele-
tion mutants of the Tra2 region need to be constructed to 
order the point mutants of this region. Another way to 
order the mutants of this region would be to obtain a col-
lection of insertion mutants into this region. The loca- 
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tions of these insertions would then be established by 
eridoriuclease restriction analysis and the homogenote de-
rivatives of the chimera could be used to complement the 
tra mutations which resulted from insertion into the Tra2 
region. Again, as above in the Tral region analysis, it 
would be of interest to use the RP 14tra::Tn7 mutants to 
complement the representative homogenote tra derivatives 
of the Tra2 chimeric plasmid which Barth, Grinter and 
Bradley (1978) and Barth (1979) have located on the Tra2 
region of RP4. 
To do an analysis of the Tra3 region (Barth 1979) a 
transposable element such as Tn7 or a phage such as Mu 
needs to be inserted between it and the trfA region which 
has been shown to cause plasmids carrying it but not oriV 
to be easily dislodged by members.of the IncP-1 group 
which have the oriV site as well as the trfA and trfB re-
gions (Figurski, Meyer and Helinski 1980). Once the Tra3 
region can be cloned away from the trfA region, the pro-
cedures for complementation studies of this region would 
be similar to those already described for the Tral and 
Tra2 regions. 
Stokes, Moore and Krishnapillai (1981) have found 8 
tra genes in R18 using a transductional complementation 
method in Ps. aeruginosa. However, they did not attempt 
to assign any of these mutations to locations on the R18 
map which was found by restriction endonuclease analysis 
to be similar to RP. DNA from these mutants could be 
isolated and transformed into E. coliK-12 strains with 
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representative homogenote tra derivatives of pED800, the 
Tra2 chimeric plasmid and the Tra3 chimeric plasmid. 
This would not only establish the Tra region to which 
these mutants belonged, but also which of the tra genes 
already assigned by Stokes, Moore and Krishnapillai (1981) 
were also found among the RPltra mutants. Further, this 
would allow a closer comparison between the activity of 
the tra genes of this group of plasmids when in Ps. aeru-
ginosa as compared to their activity when in E. coli. At 
least one R18 Tra mutant identified in Ps. aeruginosa 
has been found to be Tra in E. coliK-12 (V. Krishnapil-
lai and N. Willetts cited in Stokes, Moore and Krishna- 
pillai 1981). 
The effect of nalidixic acid on conjugal DNA repli-
cation in RP1 was found to be similar to that exercised 
by the drug upon the same function in the F group. The 
route of interference was probably by blocking the acti-
vity of DNA gyrase which is necessary for DNA replication 
(Goss Deitz and Cook 1965, Gellert e t al. 1977, Sugino 
et al. 1977). 
RP1-coded proteins were found in preparations of mi-
nicells and minicell fractions, using 35 S-methionine la-
beled protein preparations on 8 - 16% SDS-polyacrylamide 
gels which were autoradiographed. The presence of radio-
actively labeled protein bands in the tracks from the 
protein preparations of RP1-containing minicells and not 
in the tracks from the protein preparations of plasmid-
less mirlicells indicated that RP1 was encoding a variety 
150 
of proteins. Approximately 20 of the protein bands found 
were RP1-specific; of these at least 7 were observed in 
the inner membrane fraction and at least L in the outer 
membrane fraction. Only one band was visible in the cyto-
plasmic fraction. Thus, finding the majority of RP1 en-
coded proteins in the inner and outer membrane fractions 
showed that many of the RP1 proteins were located in the 
cell wall and envelope as was the case for F and F-like 
plasmids (Kennedy et al. 1977, Ippen-Ihier and Minkley 
1978, Achtman, Kusecek and Timmis 1978, Achtman et al. 
1979). Further work might show these proteins to be Tra 
proteins. For this, representative tra mutants would 
have to be introduced into a minicell producing strain 
and the proteins they produced compared to the parent 
RP1-produced proteins. Loss of a protein band by a par-
ticular complementation group or modification of such a 
protein would identify the function of the various pro-
tein bands. Finding the proteins required for conjuga-. 
tion as well as determining their role would aid in the 
overall understanding of conjugation in this important 
incompatibility group. 
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RP1 is the prototype of incompatibility group P plasmids 
that were originally found in Pseudomonas aeruginosa, but 
have now been isolated from several different bacterial genera 
(5). Indeed, these plasmids are of particular interest be-
cause of their very broad host range which derives from their 
ability to replicate and partition successfully in many dif-
ferent Gram-negative hosts. 	 -- 
Their conjugation system is also of some interest since it 
differs from the well-understood F system in the following--
ways: (a) RP1 pili (which are morphologically different from 
F pili and adsorb a different set of "male-specific" bacterio-
phages; 7,4) must recognise some component or structure common 
tothe cell surfaces of the wide range of bacterial genera 
between which the plasmid can transfer; (b) the RP1 transfer 
system, although highly efficient in membrane filter matings 
where the cells are forced into contact, is about 1000-fold 
less efficient in liquid broth matings; and (c) wild-type 
IncP plasmids determine no fertility inhibition system, so 
that their transfer genes and consequent P-specific phage 
sensitivities are expressed constitutively. 
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288 Part II. Maintenance Mechanisms 
We have therefore- undertaken a genetic and physical analy-
sis of the RP1 conjugation system, aimed at determining the 
uderlying reasons for-these differences. This communication 
describes the isolation of transfer-deficient RP1 mutants, 
and of the cloned RP1 segments necessary for their genetic 
analysis 	 - 
- 	ISOLATION OF RP1 traMIJTANTS 
RP1 mutants defective in transfer were identified by 
screening survivors of nitrosoguanidine_treated cell popula- 
tions in replica-plate matings with asui -táble recipient 
strain of E. coli. Amongst the first 100 independent mutants 
isolated, most carried non-suppressible mutations and were 
resistant to the three P-specific phages PRR1 (RNA-containing) 
Pf3 (filamentous single-strand DNA-containing) and PR4 (lipid-
containing tailed phage containing double stranded DNA). 
Mutants carrying amber-suppressible mutations or retaining 
sensitivity to one or more P-specific phages, were deemed of 
- particular interest, and continued screening allowed isola-
tion of a.further 30-of these. 
Table 1 shows the phenotypes of a selected group of the 
RPltrcz mutants, including in particular some of those carrying 
amber mutations suppressible in a SuIII host. Most mutants 
were resistan.t to the three types of P-specific phages, but 
two examples each of mutants still sensitive to all three 
phages(out of a total of 29 none of which, curiously, carried 
an amber mutation), and of mutants sensitive only to PR4 (out 
of a totalof. 6, including - two with amber mutations) are in-
cluded. Many mutants also had defects in surface exclusion, 
though whether this was sometimes due to the polarity of a 
particular amber mutation has not yet been determined. 
Initial attempts at complementation analysis using the 
conjugational transient heterozygote technique described pre- 
• viously for F (1) were unsuccessful, probably because of the 
low donor ability of RP1 compounded in the two successive 
broth matings required (it was not feasible to do large nun-
bers of membrane-filter matings), and the continued expression 
f surface exclusion by RPL in stat ionary. phase or minimal me- 
' diumgrown cells. P1 transductional co'mplementation (8) was 
also unsuccessful in our hands, although Barth, Grinter and 
Bradley (2) were able to use this technique to arrange 
RPltra::Tn7 mutations into complernentation groups. 
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Table 1. RPltra Mutants 
Sensitivity to Donor ability (%) 	R751 surface 
Plasmid PRR1 Pf3 PR4 	Su 	SuIII+ exclusi6n index 
RP1 S S S 1.2 0.9 93 
pED522 S S S <10 5 50 
pED525 S S S .<10 ciO-4 • 41 
pED516 R - 	 R S <10 2.2' 1 
pED526 R R S < 10-4 <10 NT 
pED511 R R R <i 0. 9 2 
pED615 R .R R <10 0.2 59 
pED530 R R <10 2.8 1 
pED534 R R R <10 0.1 3 
pED557 R R R <iü- 1.9 23 
pED573 R R R <10' 7.4. 5 
pED617 R' R R <i 5.0 12 
pED619 R R R <10 0.8 47 
'CLONING RP1 TRANSFER REGIONS 
Since transient heterozygote procedure were not feasible, 
e turned to cloning techniques in order to overcome the in-
ompatibility.problem so that the appropriate stable hetero-
ygotes could, ,be constructed. 	 -- 
Work by Barth et al. (2) had shown that there are two' 
transfer regions on RP4 (which is probably identical' to RP1) 
;These are labelled Tral and Tra2 in Figure 1. We have there-
fore cloned these two regions away from the RPlincompatibil-
.ity region(s)(6) onto the ColEl-based vector piasmidpBR325. 
.pBR325 carries resistance to ampicillin, chloramphenid'F and 
tetracyclinè, and there is an EcoRI site within the cml gene 
'(3). 
In order to accomplish cloning of the Tral region (don-
-sing of the Tra2 region will not be described here), pED765 
as constructed from'RPl (Figure 1).. This carries an inser- 
tion of Tn7 into the kan gene, and has been made TcS by nitro-
soguanidine mutagenesis. The Tral region thus lies between 
'the single EcoRI sites of RP1 and Tn7. After restricting 
pED765 and pBR325 DNAs with EcoRI, they were mixed and ligated. 
Tpr TCr transformants were then selected. One of these 
(pED799) proved to have the expected restriction pattern, but 
was unstable (>90% loss in an overnight, broth culture). Its 
DNA was therefore cleaved with EcoRI, re-ligated and Tpr T cr 
transformants again selected. Six out of eight such 




Figurel. A map of the RP1 tet8 kan::Tn7 derivative 
pED765 	- 
transformants (one being pED800) were now more stable (>20% 
loss in overnight broth culture). pED799 and pED800 gave 
identical EcoRI cleavage patterns, but differing HaeIJI pat- - 
terns and observation of heteroduplex molecules in the elec-
tron-microscope suggested that the EcoRI fragments were-joined 
in opposite orientations in the two plasmids (data not shown). 
This might affect expression of an essential replication gene. 
pED800 was transfer-deficient and compatible with RP1, 
and the ability of RecA host cells to transfer both plasmids 
independently showed that the origin of transfer, oriT, was 
included in the cloned region and is therefore located near 
the Tral region between the EcoRI site and the kan gene of 
RP1. pED800 was uually transferred at a several-fold higher 
frequency than a coexisting RP1 plasmid, probably because of 
• i1ts;muIticopy nature.- -. 	:-. 	---- 	 • 	 - 
-::- -----•-- - - 7- -: 	 - 
COMPLEMENTATION ANALYSIS 
Stable heterozygotes carrying both - an RPltra mutant and 
-pED800 were constructed either by transferring the amber- 
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Table 2. Complementation by pED800 
RRltra Sensitivity to Transfer from hetero2ygote (%) 
plasmid PRR1, Pf3, PR4 RPltra 	(Jn2') pED800 (Tpr) 
RP1 SSS 1.1 31 
pED522 SSS 0.1 0.4 
pED525 SSS 	--- 0.97 	. - 1.6 
pED516 RRS 0.28 1.4 
pED526 RRS 0.15 0..8 
pED511 RRR 0.32 2.5 
pED615 RRR 0.53 1.5 
pED530, 534, RRR 
557, 	573, 
617, 	619 
suppressible mutant from a SuIII host into a Su host carry-
.ing pED800, or by transforming pED800 into Su (RPltra) cells. 
-Their--quantitive donor abilities were then.determined, and 
some representative results are shown in Table 2. 
All the RPltra mutants so far tested that retain sensi-
tivity to all P-specific phages (e.g., pEDS22 and pED525), or 
to PR4 alone (e.g., pED516 and pED526) were complemented by 
pED800. This agrees with the mapping of-s-imilar phage-sensi-
tive RP1 tra::Tn7 mutants in this region by Barth et al. (2). 
Surprisi•ngly,however, only two out of twenty P-specific 
phage-resistant amber RPltra mutants were complemented, so 
that the majority of theRPl tra genes-may be located else-
where onRPl. 
1 	Derivativ&s of pED800 carrying various tra mutations have 
now been obtained by homogenotisation. or mutagenesis, and are 
7being used to determine the number of genes in the Tral region 
(N. Hunter, L. Schmidt, and N.S. Willetts, unpublished data).--
So far, the mutations carried by pED522, pED516, pED511 and 
-pED61S have ben shown to be in different genes that are 
designated tbaA, traB, traC and traD respectively. 
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The Tral region of RPI from a derivative with Tn7 inserted into the kanamycin resistance 
determinant was cloned, using EcoRL, into the multicopy vector plasmid pBR325. For one 
orientation of the cloned fragment the resultant chimenc plasmid was very frequently lost 
from the cell, but in the other orientation it was much more stable and also compatible with 
RPI. Complementation by the stable chimeric plasmid, pED800, of a series of RPI Ira-
mutants showed that the mutations of all those retaining sensitivity to.the P-specific phages 
.PRRI, P13. and PR4, or only to PR4, mapped in the Tral region, while only 2 out of 20 amber 
mutations leading to full P-specific phage-resistance did so. 
RP1 is a plasmid belonging to the incom-
patibility group P-i, which is of particular 
note because of the ability of these piasmids 
to transfer to and replicate within many 
different gram-negative bacterial hosts (Datta 
and Hedges, 1972; Olsen and Shipley, 1973; 
Jacoby, 1977) 
In this'regard, its conjugation system is 
of interest since itUst be able to recognize 
some component or structure common to 
the cell surfaces of the wide range of bac-
terial genera between which the plasmid 
can transfer. Furthermore, although the 
efficiency of transfer of RP1 betweenE. cO/i 
cells in 30-min membrane filter matings 
approaches an efficiency of one (Schmidt 
and Willetts, unpublished data), transfer 
in liquid broth matings takes place at about 
1000-fold lower frequency: the RP1 transfer 
system therefore differs significantly from 
that of the E. co/i K-12 sex factor F which 
transfers with an efficiency of I in liquid 
broth matings. 
For these reasons, we have undertaken a 
genetic and physical analysis of the RPI 
transfer system. However, it early became 
apparent that the low transfer efficiency in 
liquid matings precluded genetic analysis 
Present address: Eidgenossische. Technische 
Hochschule Zurich, Mikrobiologisches Institut, CH-
8006 Zurich, Universitätstr. 2, Switzerland. 
2  Present address: Department of Microbiology, 
Dartmouth Medical School, Hanover, N. H. 03755.  
of transfer-deficient RP1 mutants by the 
transient heterozygote technique originally 
described for the analysis of F transfer 
(Achtman et al., 1972). We have therefore 
cloned the transfer regions of RPI onto the 
vector plasmid pBR325; this is compatible -' 
with RP1 and so allows stable heterozygotes 
for Ira to be constructed and used for 
complementation analysis. - 
Barth ët al. (1978) had previously located 
two distinct transfer regions on the probably 
identical plasmid RP4. This paper describes 
the cloning of the Tral region, and use of 
the resultant chimenc plasmid to identify,. 
RP1 Ira mutations mapping in this region. 
MATERIALS AND METHODS" 
Bacterial strains and plasmids. The E. 
co/i K-12 host strains were JC3272 (His 
Trp Lys Str't) and its recA56 derivative 
JC6310, and ED2196 (His Trp Nal),. 
These were described by Willetts and 
Maule (1979). ED8654 (Met- ; Borck et a/., 
1976) was used as recipient in-transforma-
tion. J62-TnCl (J62 carrying a chromo-
somally inserted Tn7 which determines 
resistance to trimethoprim (Tp) 3 and strep- 
Abbreviations used: Tp, trimethoprim; Sp, strepu-
mycin/spectinomycin; Ap, ampicillin/carbenicillin: Tc, 
tetracycline; Km. kanamycin; Cm. chloramphenicol: 
PEG, polyethylene glycol 6000: TE buffer. 0.01 at 
Tris—HCI, pH 8.0. and 0.001 Ni EDTA: TES. 0.01 at 
Tris—HCI, pH 8.0. 0.001 at EDTA. and 0.17 Ni NaCl. 
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tomycinlspectinomycin (Sp); Barth et al., 
1976) was obtained from Dr. P. Barth via 
Dr. S. Hughes. 
A strain carrying RP1, which determines 
resistance- to ampicillin/carbenicillin (Ap), 
tetracycline (Tc), and kanamycin (Km), 
was obtained from Dr. D. Bradley. It is 
assumed throughout the rest of the paper 
that RPI is essentially indistinguishable 
from RP4, RK2, and R18 (Grinsted et al., 
1977; Jacoby and Shapiro, 1977; Burkardt/ 
et al., 1979)-A strain carrying pBR325, 
which determines resistance to ampicillin 
(Ap), chloramphenicol (Cm), and tetra-
cycline (Tc) was kindly supplied by Dr. F. 
Bolivar (Bolivar,1978). Mutant derivatives 
of RPI constructed in the course of our 
• work are described in the text. 
Media and chemicals. Media were- de-
scribed by Willetts and Finnegan (1970). 
Unless otherwise stated, antibiotics were 
used at the following concentrations: ampi-
cillin (Beecham, Brentford, U. K.), 50 p.g/ 
ml; kanamycin -sulfate (Bristol Labora-
tories, Slough, U. K.), 20 Wml; nalidixic 
acid (P—L Biochemicals, Milwaukee, Wis.), 
40g!ml; spectinomycin sulfate (the gen-
erous gift of the Upjohn Co.), 400 jgIml; 
streptomycin sulfate (Glaxo, Greenford, 
U. K.), 200 tWml;  tetracycline, hydro-
chloride (Lederle, Gosport, U. K.), 20 gIml; 
trimethoprim (Sigma, Poole, U. K.), 50 
g/ml (in minimal medium only). 
Brij 58, sodium deoxycholate, and poly-
ethylene glycol 6000 (PEG) for plasmid prep-
aration were obtained from Honeywill Atlas 
Ltd. and British Drug Houses, Ltd. 
TE buffer contained 0.01 M Tris— HCI, pH 
8.0, 0.001 M EDTA; TES contained in ad-
dition 0.17 M NaCl. 
Plasmid muta genesis. Mutagenesis with 
N-methyl-N-nitro-N'-nitrosoguanidjne was 
- as described byGasson.and Wilietts(d977). 
Tiirispsiti6h mutagenësis by TnT'.vaàs 
described by Barth and Grinter (1977). The 
donor strain was J62-TnC1 (RPI), the re-
cipient strain was ED2196, and TpR (Na LR) 
transconjugants were selected. 
Isolation of plasmid DNA. The method 
was essentially that of Humphreys et al. 
(1975) except that the lysis step was scaled 
down so that the clearing spins could be 
done in the 8 x 50-mi Sorvall SS-34 rotor. 
After extracting the plasmid DNA band from 
the ethidium bromide-cesium chloride gra-
dient, ethidium bromide was removed by 
-extracting three times with-an equal volume 
of n-butanol preequilibrated with TES buf-
fer. The DNA was then dialyzed against 
three changes of TES buffer followed by 
three changes of TE buffer. 
Restriction and ligation of DNA. Plasmid 
DNA (0.5-2 /Lg) was digested in a volume 
of 25-50 tLl using the following restriction 
endonucleases(Miles Laboratories) and buf- - 
fers: EcoRI, 0.1 M Tris, pH 7.5,0.05 M NaCl, 
0.01 M MgCl2 , 0.1% gelatin; !IindIII, 0.006 
M Tris, pH 7.5, 0.05 M NaCl. 0.006 M MgCl,, 
100pgBSA/ml;BamHI,0.l MTris, pH 7.5, 
0.01 M MgCl2 . Digests were incubated at 
37C-for I h using 1 unit of restriction en-
zyme/g of DNA. Reactions were stopped 
by heating at 65°C for 5 mm. 
Ligation of endonuclease-ge nerated DNA 
fragments was carried out at a DNA con-
centration of 30-50 Wml in 0.1 ml con-
taining 0.066 M Tris, pH 7.5, 0.01 M MgCl2 , 
001 M dithiothreitol, 1 mrvt EDTA, and 0.1 
mM ATP. The reaction was initiated by the 
addition of T4 polynucleotide ligase (1 .dIpg 
DNA) and incubated at 10°C overnight. 
Transformations and subsequent charac-
terization of clones involving recombinant 
DNA were carried out under category P1 
containment conditions as specified in the 
NIH Guidelines for Recombinant DNA 
Research. 
Agarose gel electrophoresis. DNA frag-
ments were analyzed in 0.7% agarose gels 
prepared in 40 mi Tris, pH 8.2, 20 mM so-
dium acetate, and 5 mi EDTA. Restriction 
, digests wereelectrophoresed in a horIzontaL 
appariitus 05x 25 cm) at a constant 50-80 
V for 16-24 h. 
Transformation. The method was that of 
Lederberg and Cohen (1974) except that cells 
were resuspended in 0.5 rather than 1.0 vol 
of MgCl 2 , and 75 mr'i CaCl 2- was used. 
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dine-induced Tcs  derivative of the latter 
plasmid, pED765. The required in vitro re-
combinants (Ap'1 TcR  Tpl  Cms)  could then 
be easily distinguished from reconstituted 
pED765 (ApR  TO  TpR C ms). 
Isolation and Characterization of pED799, 
a Recombinant Plasmid Containing the 
Tral Region of RP1 
Plasmid DNAs of pED765 and pBR325 
were digested with EcoRI, ligated, and trans-
formed into ED8654. Among 100 TpR  trans-
formants tested from among those obtained 
after overnight growth in the presence of 
ampicillin, 98 had the ApR TCR Tp'  Spit Cms 
phenotype expected for recombinants of the 
type required. The - other two were Tcs  and 
presumably carried reconstituted pED765 
plasmids. 
One isolate with the required phenotype 
was purified, and plasmid DNA (pED799) 
isolated. The fragment pattern produced by 
EcoRI cleavage of pED799 indicated that 
the smaller EcoRI fragment of pED765 had 
indeed been cloned into pBR325 (Fig. 2, 
tracks 1-3). - 
siue of irat SUCH uiat UIIS legloll can OC 	
Unfortunately, pED799 proved to be un- 
easily cloned in either orientation, 	
stable when cells carrying it were grown 
To overcome this problem, we first iso- under nonselective conditions. Less than 
lated pED72, a derivative of RPI with the 10% of the cells retained the plasmid after 
transposon Tn7 inserted into the kanamy- overnight broth culture (Table 1), or even cm resistance determinant, by screening under Sp' 1-selective conditions, when only 
RPI::Tn7 derivatives isolated as described 
under Materials and Methods for the ap- 
50% of the cells retained the plasmid (Table 
propriate phenotype. Tn7 carries a single 
1). This was true both in the original ED 
cleavage site for EcoRI, and its usual onen- 
8654 host and also in JC3272, the strain 
tation of insertion into RP4 (Barth and Grin- 
to be used for the proposed complementa- 
ter, 1977) predicted that the smaller of the tion analysis. Attempts were therefore made 
to obtain a more stable variant of pED799. 
two EcoRI fragments of pED729 would 
carry the Tral region and also the Tp and  
Sp markers of Tn7 (see Fig. 1). 	 Isolation and Characterization of pED800 
The vector plasmid chosen was pBR325, 	One possible explanation for the instabil- 
which contains a unique site for EcoRI lo- ity of pED799 was that for this orientation 
cated within its Cm R  gene such that insertion of the two EcoRl fragments, the vector-
of a DNA fragment into this site leads to fragment fusion lead to expression of a 
loss of this resistance (Bolivar, 1978; Fig. 1). replication gene on one of them at a level 
However, since both pBR325 and pED729 conducive to plasmid loss. In order to re-
carried tetracycline resistance determinants, verse the orientation, which might give a 
it was necessary to isolate a nitrosoguani-- —more stable plasmid, pED799 DNA was di- 
Mating conditions. Cultures were grown 
to exponential phase in L broth in a 37°C 
shaking water bath. The optimal shaking 
speed for donor cultures was 20 rpm: this 
factor was not important for recipient cul-
tures. When they reached 2 x 108  cells/mi, 
donor cultures, recipient cultures, and fresh 
prewarmed L broth were mixed in 1:10: 100 
ratio, and 1 ml of the resultant mating mix-
ture was incubated in a 19 x 150-mm test 
tube for 2 h at 37°C in a standing water 
bath. Appropriate dilutions were then plated 
on selective medium. Viable counts of the 
donor cultures were made after setting up 
the mating mixtures, and the proportion of 
colonies carrying the relevant plasmid(s) 
was measured by a replica-plating technique. 
RESULTS 
Construction of pED 765 
The Tral region of RP1 was shown by 
Barth etal. (1978) to be bounded reasonably 
closely on one side by RPI's single EcoRI 
site. However,iIIere is no suitable restric-
tion endonuclease cleavage site on the other 
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Fin. I. Genetic and EcoR!, HindIII restriction cleavage maps of pED765 and pBR325, and of 
the in vitro recombinants pED799 and pED800. The orientation of the transposon Tn7 is indicated 
according to the convention of Barth and Grinter (1977). -- - 
gested to completion with- EcoRI, ligated- out of eight tested were much more stable 
and transformed into JC3272, selecting for than pED799 during growth under nonselec-
SpR transformants. All were found to be tive conditions. One, carrying pED800, was 
TpR ApR Tc R C ms as expected, and sven chosen for further analysis. 
567 
 








FIG. 2. EcoRl fragments of I, pED765: 2, pBR325; 3, pED799; 4, pED800; Hindu1 fragments of 5, 
pED799: 6. pED800: 7, A (with sizes in kilobases). Bands of undigested or partially digested DNA 
are visible in tracks I and 7. - -- 
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STABILITY AND COMPATIBILITY OF pED799 AND pED800 
-- 	 Percentage clones with phenotype 
Plasmids 	Culture 	Selection- 	5pR KmR 	Sp5  Kms 	Km'5  SpS KmS SpS 
pED799 	 Overnight 	- 	 - 	 8 	 - 92 
Overnight Sp - 	- 	 50 - 50 
pED800 	 Overnight 	- 	 - 	 92 	 - 8 
- 	 exp. - 	 - 	 92 - 	 - 	 - 8 
pED800 	
' 	
Overnight 	Sp 	- 	 - 	 100  
exp. - 	 - 	 - 	 98 	 -- 	 - 	 - 2. 	-. 	- 
pED800, RPI 	Overnight 	Km 	 80 	 0 	 20 0 	- 
• 	 exp. 	- 	 - 	 78 2 	- 	- 	 - 	 20 	•- 0 
pED800, RP1 	Overnight 	Sp 	 100 	 0 	- - 	 - 	 0 0 - 
- 	 exp. - 	- 	 100 - 0 0 - 0 
Note. A fresh single colony of JC3272 carrying the plasmid(s) shown was taken from selective medium 
and inoculated into L broth with or without an antibiotic as indicated, and incubated overnight at 37°C without 
shaking. These cultures were diluted 1:20 in fresh L broth and shaken at 37°C to a cell density of about 
2 x 108 cells/mI (exp.). Both cultures were diluted appropriately, plated on nonselective nutrient medium, and 
100 colonies were tested for their antibiotic-resistance pattern by a replica-plate technique. 
pED800 DNA was prepared, and the EcoPJ 
fragment pattrrrwas found to be indistin-
guishable from that of pED799 (Fig. 2, tracks 
3, 4). HindlIl digestions of pED799 and 
pED800 DNA (Fig. 2, tracks 5, 6) revealed 
that the Hin dill site ofpED765 was included 
on the cloned-Tral fragment. The different 
[fin dli! fragment patterns of pED799 and 
pED800 indicate that the two EcoRI frag-
ments are joined in opposite orientations. 
The sizes of the smaller Hindlil fragments 
of pED799 and pED800 were estimated to 
be 6.5 and 9.8 kb, respectively. These frag 
ment sizes are consistent with the configura-
tions for pED799 and pED800 shown in Fig. 
I and also locate the Tn7 insertion of pED-
765 at a site 1.4 kb counterclockwise from 
the HindIII site of RP1. 
The opposite orientations of the two EcoRI 
fragments were confirmed by cleaving pED-
799 and pED800 DNAs with Barn HI (there 
is a single site within the pBR325 compo-
nent), forming heteroduplexes, and examin-
ing these in the electron microscope. Mole-
cules which were mainly double-stranded 
(similar orientations of the EcoRI segments  
originally derived from pED765), but with 
pairs of single-stranded - tails of different 
lengths at each end of the molecule (opposite 
orientations of BamHI—EcoRI segments 
from pBR325) were. observed (Fig. 3a). 
Molecules having the alternative heterodu-
plex conformation, i.e.. mainly single-
stranded (opposite orientations of the EcoRI 
segments originally derived from pED765), 
but with double-stranded ends (similar 
orientations of the BamHI—EcoRI segments 
from pBR325) were also observed (Fig. 3b). 
The relative stability of pED800 is il-
lustrated in Table 1: >90% - of cells from 
nonselective overnight broth cultures, or 
from exponential cultures derived from 
these, carried the plasmid, and this figure 
could be increased to 100% by inclusion of 
spectinomycin in the medium. To test com-
patibility with RP1, this plasmid was trans-
ferred into cells carrying pED800, selecting 
KmR transconjugants: no increased loss of 
pED800 (Sp') was observed among these, 
although in control experiments pED765 
was completely displaced. Taking into ac-
count the spontaneous loss of pED800 in 





Fin. 3. The two molecular configurations of heleroduplexes beLween linear Barn HI-cleaved mole- 
cules of pED799 and pED800. Arrows indicate the junctions of double-stranded and single-stranded 
- DNA. In (a) a part of one of the single-stranded tails at the lower end of the molecule is missing, 
presumably broken off. The ratios of the lengths of the upper single-strand segments in (a), and of 
the double-strand segments in (b) is about 3, as expected from the relative locations of the EcoRI 
and BamHI sites in pBR325. 
the absence of selection, the continued sta- DNA sequences on pED800 and RP1, a 
biity of the (RP1, pED800) clones on fur- drivative of the RecA 	host strain JC6310 
ther subculture confirmed that the two plas- carrying both plasmids was constructed by 
mids are compatible (Table 1). transforming pED800 into JC63 10 (RP1). In 
As expected, pED800 was itself transfer crossesbetweenthi sstrai nandED2l96,TpR 
deficient, since it lacks the Tra2 region of transconjugants were again obtained at a fre- 
RP1 (Fig. 1). However, when the donor abil- quency of about 4%, severalfold higher than 
ity of JC3272 cells carrying both RP1 and that for KmR  transconjugants. About 1.0% 
pED800 was measured in matings with the of the TpR transconjugants had simultane- 
Na1R recipient strain ED2 196, it was found ,usly inherited Km'. These results confirmed 
that both K ma (i.e., RP1) and, at a several- that pED800 carries the RP1 origin of trans- 
,fo1dhigher frequency, TpR (i.e., pED800), fer, thus locating this near the Tral region. - 
wér&träiisferred (see Table 2). This siiggets bétweén the KmR  gene and the EcoRl cleav- 
- 	 that pED800 carries the origin of transfer age site. 
(oriT) of RP1: the multicopy nature of PED- 
800 would explain its transfer at a higher Complementation of RPI tra Mutants by 
frequency than RP1 itself. To exclude the pED800 
possibility that pED800 was being mobilized A large number of RPI mutants defective 
via recombination between 	homologous in transfer had previously been obtained by 
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screening survivors of nitrosoguanidine- 
treated cell populations in replica-plate mat- 
ihgs with a suitable recipient strain of E. coli 
(L. Schmidt and N. S. Willetts, unpublished 
data: all these mutants will be described 
in detail in a later publiéation). A selec-
tion of these mutants was chosen for testing 
whether pED800 could complement their 
transfer defects. These mutants included 20 
with amber-suppressible mutations result-
mg in resistance to all three types of P-specific 
bacteriophages (PRR1, Pf3, and PR4) (Olsen 
and Shipley, 1973; Stanisich, 1974); 4 (in-
cluding two with amber-suppressible muta-
tions) which were resistant to PRRI and P13 
but still sensitive to PR4; and 4 (with non-
amber-suppressible mutations) which were 
still sensitive toaIl three P-specific phages. 
Stable heterozygotes carrying both an 
RPI tra mutant and pED800 were constructed 
by transferring amber-suppressible mutants 
from a Sull1 1 host into JC3272 (Su) carry-
ing pED800,.or by transforming pED800 into 
JC3272 (RPl_tr) cells. Their quantitative 
donor abilities w?dthen determined (Table 
2). All the RP1 Ira mutants retaining sen-
sitivity to the three P-specific phages or to 
PR4 alone were complemented by pED800, 
but only 2 of the 20 P-specific phage-re-
sistant amber mutants were complemented. 
Presumably the other 18 mutations map in 
the Tra2 region, and the preponderance of 
these mutants suggests that this may be of 
greater extent than the Tral region. 
DISCUSSION 
Our initial attempts at complementation 
analysis of RPI Ira mutants using the con-
jugal transient heterozygote technique de-
scribed previously for F (Achtman et al., 
1972) were unsuccessful, probably because 
of the low donor ability of RP1 compounded 
in the two successive broth matings re-
quired, and the continued expression of sur-
face exclusion by RPI even in stationary 
phase or minimal medium-grown cells. P1 
transductional complementation (Willetts 
and Achtman, 1972) was also unsuccessful 
in our hands, although Barth et al. (1978) 
TABLE 2 








RPI Ira 	pED800 
(KmR) (Tp 5 ) 
RPI SSS 1.1 3.1 
pED522 SSS 0.1 0.4 
pED525 SSS 1.0. 1.6 
pED568 SSS 0.7 3.0 
pED588 SSS 4.8 4.5. 
pED5165 RRS 0.3 1.4 
pED526 RRS 0.2- - 0:8 
pED582 RRS 0:7 1.4 
pED620b RRS 2.7 3.3 
pED5II5 - 	 RRR / 	0.3 2.5 
pED6155 RRR . 	0.5 1.5 
pED512bc RRR <10 <10 
° Measured in 120-min matings carried out as 
described under Materials and Methods. The donor 
host stain was JC3272, and the recipient strain was 
ED2196. All of the RP1 Ira mutants transferred at' 
frequencies of <l0% in the absence of pED800. 
Amber-suppressible mutations. 	- 
Other P-specific phage-resistant amber mutants not 
complemented by pED800 were: pED530. 534, 541, 
557, 559, 562, 573, 580, 604, 606, 607,611. 617, 618, 
619, 626, and 632: 
were able to use this technique to arrange 
RP1 Ira: :Tn7 mutations into complementa-
tion groups. 
We therefore turned to in vitro recombina-
tion techniques to allow the two RP1 transfer 
regions identified by Barth et al.. (1978) to 
be cloned (separately) away from the RP1 
incompatibility gene(s) onto a suitable multi-
copy plasmid vector. Transposon Tn7 ãs 
inserted into the KmR  gene ofRPl to provide 
a suitable second EcoRl site for the clon-
ing of a fragment including the Tral region 
together with the TpR SpR  genes. The chimeric 
plasmid obtained simplified complementation 
analysis, automatically mapped the Ira muta-
tions into the Tral or Tra2 regions, and will 
in the future be used to identify the Ira gene 
products after segregation into minicells. 
Iris of interest that pBR325 carrying the 
EcoRI fragment including Tral was relatively 
stable in one orientation but not the other. 
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A region essential for replication of RK2 
has been located that would be on this EcoRI 
fragment near to RP1's EcoRI site (Figurski 
et al., 1976; Thomas et al., 1980). It seems 
possible that overexpression of genes in this 
region might be deleterious to stability of 
the chimeric plasmid, and that in one 
orientation (but not the other), such expres-, 
sion might be reduced because transcription 
initiated at the promoter for the vector's 
CmR gene is convergent rather than jW 
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